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A.  INTRODUCTION 

The  purpose  of  the  research  conducted  under  DAMD17-94-J-4451  was  to  increase  our 
understanding  of  the  fundamental  process  of  programmed  cell  death,  or  apoptosis,  in 
breast  cancer  cells,  and  how  this  process  involves  intracellular  calcium  as  a  signaling  agent. 
The  following  provides  the  background  and  rational  for  these  studies. 

What  is  programmed  cell  death  (PCD),  and  why  is  it  important?  PCD,  or  apoptosis,  is  a 
naturally-occurring  form  of  cell  death  important  for  the  proper  development  and 
homeostasis  of  many  tissues  (1).  For  example,  PCD  is  particularly  prevalent  in  the 
immune  system,  where  a  large  proportion  of  immature  thymocytes  are  deleted  through  a 
process  of  negative  selection  and  in  the  developing  nervous  system,  where  many  neurons 
die  soon  after  they  are  formed.  PCD  can  be  induced  by  a  variety  of  different  stimuli, 
including  the  deprivation  of  an  essential  growth  factor  or  exposure  to  a  cytotoxic  signal 
from  another  cell.  Classic  examples  of  PCD  include  the  death  of  immature  lymphocytes 
induced  by  treatment  with  glucocorticosteroid  hormones  and  the  atrophy  of  prostatic 
tissue  following  androgen  withdrawal.  Regardless  of  the  initiating  factor,  the  single 
common  denominator  in  all  forms  of  PCD  is  that  the  cell  is  active  in  its  own  death, 
meaning  that  the  cell  kills  itself  by  activating  a  genetically  programmed  suicide  pathway. 

PCD  is  an  important  physiological  process  that  provides  an  efficient  means  of  eliminating 
unwanted  cells,  both  for  development  and  for  homeostasis.  There  is  growing  evidence 
that  aberrant  cell  survival  resulting  from  inhibition  of  PCD  can  lead  to  cancer  (2).  On  the 
other  hand,  certain  cancer  treatments  are  based  on  the  induction  of  PCD  by  hormonal 
manipulation  (e.g.,  the  treatment  of  l)nnphoid  malignancies  with  glucocorticoids,  the 
treatment  of  prostate  cancer  by  androgen  ablation). 

What  is  the  evidence  that  PCD  occurs  in  breast  cancer  cells?  The  role  of  PCD  in  other 
malignancies,  including  lymphomas  and  prostate  cancer,  has  received  far  more  attention 
than  the  role  of  PCD  in  breast  cancer.  Recent  studies,  however,  have  established  that  PCD 
occurs  both  in  the  normal  breast  and  in  breast  cancer  cells  under  a  variety  of  circumstances. 
Postlactation  involution  is  a  form  of  PCD  in  the  normal  breast  (3),  while  regression  of 
human  breast  cancer  cells  in  nude  mice  following  estrogen  ablation  is  a  form  of  PCD 
characterized  by  endonuclease  activation,  internucleosomal  DNA  fragmentation  and 
enhanced  expression  of  transforming  growth  factor  C  (TGF-fi)  and  TRPM-2  genes  (4).  PCD 
can  also  be  induced  in  breast  cancer  cells  by  treatment  with  the  antiestrogen  tamoxifen  and 
the  antiprogestin  RU486  (5),  or  by  treatment  with  the  somatostatin  analogue,  SMS  201-995 
(6). 

A  particularly  important  observation  is  that  estrogen-independent  human  breast  cancer 
cells  that  fail  to  undergo  PCD  in  response  to  estrogen  ablation,  can  be  induced  to  undergo 
PCD  by  exposure  to  the  fluorinated  pyrimidines,  5-fluoro-2'-deox)mridine  or 
trifluorothymidine  (7).  Thus,  the  PCD  pathway  remains  intact,  at  least  in  some  breast 
cancer  cells,  even  when  it  can  no  longer  be  triggered  by  estrogen  ablation.  This  means  that 
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it  may  be  possible  to  develop  new  therapeutic  strategies  for  breast  cancer  based  on 
triggering  PCD.  However,  before  this  can  be  accomplished,  we  need  to  develop  a  better 
understanding  of  the  PCD  pathway  in  breast  cancer  cells. 

Why  it  is  important  to  investigate  the  mechanism  of  PCD  in  breast  cancer  cells?  Breast 
cancer  is  one  of  the  most  common,  and  often  fatal,  malignancies.  Therefore,  new 
therapeutic  interventions  are  urgently  needed.  Although  many  breast  cancers  are  initially 
responsive  to  endocrine  manipulation  (e.g.,  treatment  with  antiestrogens),  most  breast 
cancers  eventually  become  hormone-independent.  As  noted  above,  however,  even 
hormonally  independent  breast  cancer  cells  can  retain  the  major  portion  of  the 
biochemical  cascade  involved  in  the  PCD  pathway  (7).  Therefore,  one  strategy  for 
therapeutic  intervention  would  be  to  develop  methods  for  triggering  this  biochemical 
cascade.  Before  this  can  be  done,  however,  we  must  gain  a  better  understanding  of  the 
mechanism  of  PCD  in  breast  cancer  cells.  To  this  end,  the  present  proposal  will  characterize 
in  detail  changes  in  intracellular  calcium  homeostasis  that  accompany  the  PCD  of  breast 
cancer  cells  and  will  address  the  role  of  these  changes  in  mediating  PCD  in  breast  cancer 
cells. 

What  is  known  about  the  mechanism  of  PCD?  Much  has  been  learned  about  the 
mechanism  of  PCD  through  studies  in  a  variety  of  cell  systems,  but  the  PCD  pathway  has 
not  been  fully  elucidated.  Cells  undergoing  PCD  undergo  morphological  changes  referred 
to  as  "apoptosis".  These  changes  include  condensation  of  chromatin  around  the  periphery 
of  the  nucleus,  fragmentation  of  the  nucleoli  into  coarse  osmiophilic  particles,  dilation  of 
the  ER  under  the  cell  membrane,  and  contraction  of  the  cytoplasm,  while  the 
mitochondria  and  other  organelles  appear  imaffected.  At  a  biochemical  level,  PCD  is 
characteristically  associated  with  activation  of  a  constitutively  expressed  calcium- 
dependent  endonuclease  that  cleaves  the  genome  into  fragments  with  lengths  that  are 
multiples  of  180-base  pairs,  giving  rise  to  a  ladder  pattern  when  DNA  is  analyzed  by 
agarose  gel  electrophoresis.  These  characteristic  morphological  and  biochemical  changes 
distinguish  PCD  from  other  forms  of  cell  death  (e.g.,  toxic  cell  death)  and  have  been 
demonstrated  in  breast  cancer  cells  undergoing  PCD  in  response  to  estrogen  ablation  (8,7). 

An  important  concept  is  that  PCD  is  a  genetically  programmed  signal  transduction 
pathway  through  which  cells  kill  themselves.  Elegant  studies  in  the  nematode  C.  elegans 
have  defined  genes  that  carry  out  various  steps  in  the  PCD  pathway  (1).  A  concept  of 
considerable  importance  is  that  PCD  is  a  physiologically  regulated  process  that,  along  with 
cell  proliferation,  controls  tissue  homeostasis.  In  the  nematode  C.elegans  induction  of  cell 
death  by  the  ced-3  and  ced-4  gene  products  can  be  inhibited  by  the  product  of  the  ced-9  gene, 
while  in  mammals  PCD  can  often  be  inhibited  by  expression  of  the  hcl-2  gene.  In  fact,  the 
human  bcl-2  gene  can  complement  a  ced-9  mutant. 

The  role  of  calcium  in  mediating  PCD.  There  is  considerable  evidence  that  calcium  is 
involved  in  the  signal  transduction  pathway  that  mediates  PCD  in  many  t5^es  of  cells, 
including  l5nnphocytes,  prostate  cells  and  neuronal  cells  (reviewed  in  9,10).  The  strongest 
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evidence  for  involvement  of  calcium  in  PCD  has  been  derived  using 
glucocorticoid-induced  lymphocyte  PCD  as  a  model  system.  For  example,  treatment  of 
immature  lymphocytes  with  calcium  ionophores  induces  PCD  and  elevations  in 
cytoplasmic  calcium  concentration  have  been  detected  in  glucocorticoid-treated  th5nnocytes 

(10) .  Furthermore,  glucocorticoid-induced  PCD  is  accompanied  by  an  early  elevation  of 
calmodulin  mRNA  and  prevented  by  various  manipulations  suspected  of  interfering  with 
calcium  signaling,  including  pretreatment  with  a  calmodulin  inhibitor  or  an  intracellular 
calcium  chelator,  and  stable  expression  of  a  cDNA  encoding  the  calcium-binding  protein, 
calbindin. 

There  is  also  strong  evidence  that  calcium  is  involved  in  tumor  regression  following 
hormonal  ablation.  For  example,  androgen  withdrawal  induces  PCD  of  prostatic  cancer 
cells,  accompanied  by  endonuclease  activation  and  DNA  fragmentation  believed  to  be  the 
result  of  a  sustained  elevation  of  intracellular  free  calcium  (4).  Furthermore,  regression  of 
the  normal  prostate  following  androgen  ablation  is  delayed  by  calcium  channel  blockers 

(11) . 

What  our  studies  have  contributed  to  understanding  the  role  of  calcium  in  PCD.  Although 
there  is  strong  evidence  that  calcium  is  involved  in  the  PCD  pathway,  knowledge  as  to 
how  the  calcium  signal  is  generated  and  how  it  mediates  PCD  has  been  totally  lacking. 
Findings  in  this  and  other  laboratories  have  provided  considerable  evidence  that 
mobilization  of  calcium  from  an  intracellular  store  located  within  the  ER  is  involved  in 
signaling  apoptosis  (12,13)  and  that  BCL-2  inhibits  apoptosis  by  interfering  with  ER  calcium 
mobilization  (14). 

The  ER  is  the  major  intracellular  reservoir  of  calcium  in  nonmuscle  cells,  being  far  more 
important  than  the  mitochondria  in  this  regard  (15).  The  ER  plays  a  central  role  in 
intracellular  signaling  by  sequestering  and  releasing  "second  messenger"  calcium  in 
response  to  a  variety  of  agonists.  In  addition  to  providing  a  reservoir  of  calcium  for  use  in 
intracellular  signaling,  the  high  calcium  content  of  the  ER  lumen  appears  necessary  for 
maintaining  the  structural  and  functional  integrity  of  the  ER,  as  well  as  other  cellular 
functions  including  translation  and  cell  division.  ER  calcium  pool  depletion  can  have  a 
number  of  adverse  effects  on  cells,  including  repression  of  protein  synthesis  and  growth 
arrest.  In  response  to  ER  calcium  pool  depletion,  cells  mount  a  self-protective  response  by 
inducing  the  synthesis  of  an  hsp70  stress  protein  family  member,  GRP78  (16).  GRP78  (also 
known  as  BiP)  is  one  of  a  number  of  well  characterized  calcium-binding  proteins  that 
normally  reside  within  the  lumen  of  the  ER.  Along  with  its  well  characterized  role  in 
protein  processing,  GRP78  plays  a  role  the  cellular  adaptation  to  conditions  or  treatments 
that  cause  a  depletion  of  the  ER  calcium  pool  (16).  Depletion  of  the  ER  calcium  pool  signals 
an  increase  in  grp78  gene  transcription,  resulting  in  increased  S5mthesis  of  GRP78,  allowing 
protein  synthesis  to  recover;  whereas  decreased  expression  of  grp78  renders  cells  more 
susceptible  to  calcium  ionophore  induced  growth  arrest  and  cell  death  (16). 

Our  interest  in  the  role  of  ER  calcium  in  mediating  apoptosis  evolved  directly  from  our 
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studies  of  the  regulation  of  GRP78  synthesis  in  mouse  lymphoma  cells  undergoing 
apoptosis  in  response  to  glucocorticoid  treatment  (17,18).  Through  these  studies,  which  are 
part  of  a  separate  proposal  submitted  to  the  NIH,  we  have  found  that  increased  levels  of 
GRP78  protect  mouse  lymphoma  cells  against  glucocorticoid-induced  apoptosis. 

Intrigued  by  our  findings  regarding  the  effect  of  glucocorticoid  treatment  on  GRP78 
synthesis,  we  undertook  a  detailed  investigation  of  the  effect  of  glucocorticoid  treatment 
on  intracellular  calcium  homeostasis  in  WEHI7  mouse  lymphoma  cells  (12).  In  response 
to  glucocorticoid  treatment,  WEHI7  cells  undergo  apoptosis,  with  a  classic  pattern  of 
internucleosomal  DNA  fragmentation  detected  within  6  hr  of  adding  the  glucocorticoid 
hormone  dexamethasone.  We  found  that  a  significant  depletion  of  the  ER  calcium  pool 
was  detectable  within  2-3  hr  of  adding  dexamethasone.  The  ER  calcium  pool  depletion  was 
mediated  through  the  glucocorticoid  receptor  and  was  temporally  related  to 
receptor-mediated  transcriptional  regulation,  suggesting  that  glucocorticoid  treatment 
might  regulate  the  expression  of  gene(s)  involved  in  the  uptake  or  release  of  calcium  from 
the  ER.  In  glucocorticoid-treated  cells,  ER  calcium  pool  depletion  was  accompanied  by  only 
a  modest  rise  in  cytosolic  calcium  concentration,  and  by  a  significant  decrease  in  total 
cellular  calcium,  indicating  that  calcium  mobilized  from  the  ER  in  response  to 
glucocorticoid  treatment  was  actively  pumped  out  of  the  cell  through  the  plasma 
membrane.  It  is  important  to  emphasize  that  ER  calcium  pool  depletion  was  an  early 
event  in  the  apoptotic  process  that  preceded  loss  of  cell  viability  and  onset  of  DNA 
fragmentation. 

Interestingly,  at  the  same  time  we  were  performing  these  studies.  Dr.  John  Reed's 
laboratory  was  finding  that  withdrawal  of  IL-3  from  an  IL-3-dependent  hematopoietic  cell 
line  induces  apoptosis  associated  with  a  diminution  of  the  ER  calcium  pool  (19).  Therefore, 
mobilization  of  ER  calcium  is  not  unique  to  apoptosis  induction  by  glucocorticoids  in 
lymphoid  cells,  but  may  be  a  common  step  in  apoptosis  induction  in  a  variety  of  cells. 

To  investigate  the  cause-and-effect  relationship  between  mobilization  of  ER  calcium  and 
apoptosis,  we  employed  thapsigargin  (TG),  a  highly  selective  and  irreversible  inhibitor  of 
the  ER  associated  calcium- ATPase  which  pumps  calcium  across  a  steep  concentration 
gradient  from  the  cytosol  into  the  lumen  of  the  ER.  Because  of  a  passive  leak  of  calcium 
through  the  ER  membrane,  inhibition  of  calcium  pumping  by  TG  mobilizes  calcium  from 
the  ER  lumen,  resulting  in  a  sustained  depletion  of  the  ER  calcium  pool.  Therefore,  TG 
bypasses  the  glucocorticoid  receptor  pathway  and  acts  directly  at  the  level  of  the  ER 
membrane  to  induce  calcium  release.  We  found  that  TG  treatment  induces  apoptosis  in 
WEHI7  cells;  because  of  the  highly  selective  nature  of  TG's  action,  this  observation 
provided  strong  evidence  of  a  cause-and-effect  relationship  between  mobilization  of  ER 
calcium  and  apoptosis  (14). 

The  findings  of  our  research  are  evolving  into  a  testable  model  of  glucocorticoid-induced 
apoptosis.  The  initial  step  in  this  model  involves  the  interaction  of  the  glucocorticoid 
hormone  with  its  receptor  to  form  a  hormone  receptor  complex  that  either  enhances  or 
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represses  the  transcription  of  unidentified  genes,  whose  encoded  protein  acts  either 
directly  or  indirectly  to  regulate  ER  calcium  fluxes,  resulting  in  a  mobilization  of  ER 
calcium.  The  release  of  calcium  into  the  cytosol  could  possibly  alter  the  transcription  of 
genes  essential  for  normal  cell  growth  and  division,  consistent  with  growing  evidence  of 
calcium-regulated  transcription  factors,  or  it  could  lead  to  activation  of  the  constitutively 
expressed  calcium,  magnesium-dependent  endonuclease,  resulting  in  extensive  DNA 
fragmentation.  Alternatively,  sustained  depletion  of  the  ER  calcium  pool  could  itself 
contribute  to  the  apoptotic  event.  Depletion  of  the  ER  calcium  pool  has  been  shown  to 
alter  transcription  of  growth-related  genes,  induce  a  generalized  repression  of  translation, 
and  interfere  with  protein  folding  within  the  ER  lumen.  Therefore,  depletion  of  the  ER 
calcium  pool  might  contribute  to  a  loss  of  cell  viability  by  interfering  with  the  synthesis 
and  processing  of  proteins  required  for  normal  cell  division  and  viability.  Furthermore, 
ER-associated  calcium  appears  to  be  important  for  maintaining  the  structural  integrity  of 
the  ER  and,  at  least  in  certain  cell  types,  a  depletion  of  ER-associated  calcium  has  a 
profound  effect  on  the  morphology  of  the  ER,  causing  it  to  disperse  and  dissociate. 
Therefore,  depletion  of  the  ER  calcium  pool  might  contribute  directly  to  apoptosis  by 
disrupting  ER  structure  and  function.  Interestingly,  a  recent  report  has  suggested  that  the 
endogenous  deoxyribonuclease  involved  in  nuclear  DNA  degradation  appears  to  be 
confined  to  the  ER  until  it  gains  access  to  the  nucleus  during  apoptosis  (20).  Perhaps 
depletion  of  the  ER  calcium  pool  triggers  release  of  the  endonuclease  from  the  ER, 
allowing  its  entry  into  the  nucleus. 

In  addition  to  providing  novel  insight  into  the  role  of  calcium  in  signaling  apoptosis,  our 
studies  have  also  contributed  novel  insight  into  the  mechanism  by  which  the  BCL-2 
oncogene  opposes  cell  death.  To  investigate  the  possibility  that  the  BCL-2  protein  regulates 
calcium  fluxes  across  the  ER  membrane,  thereby  preventing  ER  calcium  mobilization  and 
apoptosis,  a  human  BCL-2  cDNA  was  introduced  into  the  WEHI7.2  mouse  lymphoma  line 
and  a  series  of  clones  stably  expressing  the  BCL-2  mRNA  and  protein  were  isolated.  We 
found  that  overexpression  of  BCL-2  interferes  with  glucocorticoid-induced  growth 
inhibition  and  cell  death  in  WEHI7.2  cells.  Significantly,  BCL-2  overexpression  also 
interfered  with  TG-induced  growth  inhibition  and  cell  death  (14).  Because  the  only  known 
effect  of  TG  at  the  cellular  level  is  a  potent  and  specific  inhibition  of  ER-associated  calcium 
pump  activity,  the  observation  that  BCL-2  overexpression  blocks  TG-induced  apoptosis 
suggests  the  possibility  that  the  BCL-2  protein  may  function  at  the  level  of  the  ER 
membrane,  interfering  with  calcium  release  and  thereby  preventing  ER  calcium  pool 
depletion.  Because  of  a  passive  leak  in  the  ER  membrane,  inhibition  of  ER-associated 
calcium  pumping  by  TG  produces  an  immediate  efflux  of  calcium  from  the  ER  lumen  into 
the  cytosol,  resulting  in  a  transient  rise  in  cytosolic  calcium  concentration.  We  have  found 
that  the  TG-induced  rise  in  cytosolic  calcium  is  significantly  less  in  cells  that  express  high 
levels  of  BCL-2  than  in  parental  WEHI7.2  cells,  indicating  that  the  BCL-2  protein  interferes 
with  calcium  movement  through  the  ER  membrane. 

As  another  parameter  of  BCL-2's  effect  on  ER-assodated  calcium  fluxes,  we  measured  the 
uptake  of  radioactive  caldum  into  the  ER  of  digitonin-permeabilized  cells.  Our  findings 
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indicated  that  both  the  rate  of  calcium  uptake  and  the  total  amoxmt  of  calcium  sequestered 
by  the  ER  were  greater  in  cells  that  express  high  levels  of  BCL-2  than  in  parental  WEHI7.2 
cells  (21).  Mitochondria  fimction  as  a  low  affinity,  high  capacity  calcium  storage  pool).  To 
determine  whether  the  BCL-2  protein  selectively  alters  calcium  uptake  by  the  ER,  or  if 
BCL-2  also  affects  calcium  uptake  by  mitochondria,  radioactive  calcium  uptake 
measurements  were  performed  at  a  high  free  calcium  concentration  (15  |jM)  in  the  absence 
of  azide  and  in  the  presence  of  a  reduced  ATP  concentration.  Under  these  conditions, 
uptake  of  calcium  was  mainly  into  an  azide  sensitive,  TG  insensitive  mitochondrial  pool. 
Significantly,  calcium  uptake  under  these  conditions  was  the  same  in  cells  ti\at  express 
high  levels  of  BCL-2  and  in  parental  WEHI7.2  cells,  indicating  that  the  rate  of  calcium 
uptake  into  mitochondria  was  unaffected  by  BCL-2  overexpression.  In  summary,  our 
findings  demonstrate  for  the  first  time  that  the  antiapoptotic  action  of  the  BCL-2 
oncoprotein  is  linked  to  a  BCL-2  imposed  alteration  of  ER  calcium  fluxes. 

Summary.  The  fact  that  breast  cancer  cells  can  be  induced  to  undergo  PCD  suggests  that 
novel  therapeutic  strategies  might  be  based  on  triggering  the  PCD  pathway.  However,  this 
pathway  must  be  understood  first.  Most  of  our  current  knowledge  regarding  the 
mechanism  of  PCD  pertains  to  other  cell  systems  and  almost  nothing  is  known  about  the 
mechanism  of  PCD  in  breast  cancer  cells.  We  have  been  gaining  novel  insight  into  the  role 
of  calcium  in  mediating  PCD  in  mouse  lymphoma  cells.  Now,  in  the  present  proposal,  we 
will  apply  these  insights  and  experimental  approaches  to  elucidate  the  role  of  calcium  in 
the  PCZD  pathway  of  breast  cancer  cells. 

B.  BODY 

B1.  HYPQTHESTS/PURPOSE 

The  long  term  goal  of  the  research  conducted  under  DAMD17-94-J-4451  was  to  understand 
the  programmed  cell  death  (PCD)  process  in  breast  cancer  cells  so  that  new  therapeutic 
strategies  can  be  developed  that  utilize  this  pathway.  The  immediate  goal  was  to 
investigate  the  role  of  calcium  in  mediating  the  PCD  of  breast  cancer  cells.  The  major 
hypothesis  to  be  tested  was  that  mobilization  of  calcium  from  an  intracellular  pool  located 
within  the  ER  triggers  a  cascade  of  biochemical  events  that  produces  apoptotic  cell  death,  in 
response  to  both  hormonal  manipulation  and  treatment  with  the  ER  calcium  pump 
inhibitor,  thapsigargin. 

B2.  SPECIHC  AIMS  (TECHNICAL  OBTECTIVES) 

Aim  1.  Characterize  in  detail  the  alterations  in  intracellular  calcium  homeostasis 
associated  with  the  PCD  process  in  breast  cancer  cells. 

Aim  2.  Determine  whether  agents  that  specifically  mobilize  calcium  from  intracellular 
stores  induce  the  PCD  of  breast  cancer  cells. 

Aim  3.  Determine  whether  measures  that  interfere  with  intracellular  calcium  fluxes 
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interfere  with  the  PCD  process  in  breast  cancer  cells. 

Aim  4.  Investigate  the  mechanism  by  which  a  PCD-related  calcium  signal  is  generated  in 
breast  cancer  cells. 

Aim  5.  Investigate  how  intracellular  calcium  fluxes  contribute  to  the  PCD  process  in  breast 
cancer  cells. 

B3.  EXPERIMENTAL  METHODS  AND  FINDINGS 

The  research  accomplishments  funded  by  DAMD17-94-J-4451  are  reported  here  according 
to  their  fulfillment  of  the  Statement  of  Work  included  with  the  original  grant  application. 

Task  1,  Develop  model  systems  for  studying  PCD  in  breast  cancen 

la.  MCF-7  and  T47D  breast  cancer  cell  lines  will  be  acquired  and  optimal  culture  conditions 
will  be  established.  We  systematically  surveyed  the  current  literature  regarding  available 
breast  cancer  cell  lines,  and  also  sought  the  advice  of  Dr.  Gloria  Heppner,  Michigan  Cancer 
Foundation.  Our  goal  was  to  obtain  cell  lines  which  were  reasonably  well  characterized 
and  which  were  likely  to  serve  as  optimal  models  of  apoptosis.  Two  cell  lines  were 
identified:  MCF-7  and  MB-MDA-468.  These  lines  are  well  characterized  and  represent  two 
ends  of  a  spectrum:  MCF-7  is  a  hormonally  regulated  line,  which  is  known  to  express  the 
antiapoptotic  protein,  Bcl-2;  MB-MDA-468  is  hormone  independent  and  does  not  express 
detectable  levels  of  Bcl-2.  Although  in  the  original  proposal,  we  intended  to  also  use  the 
T47D  line,  after  a  detailed  survey  of  the  literature,  we  concluded  that  the  MDA-MB-468 
line  would  fulfill  our  aims  better. 

We  obtained  the  MCF-7  line  from  Dr.  Stanton  Gerson's  laboratory  at  CWRU,  and  the  MB- 
MDA-468  line  from  Dr.  Marc  Lippman  at  Georgetown  University.  Specific  culture 
conditions  for  maintaining  optimal  cell  viability  and  growth  were  established,  according  to 
standard  published  methods  (22).  Cell  viability  was  routinely  monitored  by  measuring 
trypan  blue  dye  exclusion  (22^  The  amount  of  apoptosis  under  standard  culture  conditions 
was  determined  by  fluorescence  microscopy  of  ethidium  bromide/ acridine  orange  stained 
cells  (22).  On  a  routine  basis,  we  observed  in  each  cell  line  that  dead  cells,  which  generally 
have  a  clearcut  apoptotic  morphology,  detach  from  the  plastic  tissue  culture  dish  and  float 
in  the  supernatant  medium,  whereas  adherent  cells  are  viable  and  do  not  show 
morphological  signs  of  apoptosis.  Under  optimal  culture  conditions,  the  number  of  dead 
cells  floating  in  the  supernatant  medium  was  less  than  10%  of  the  total  cell  population 
(attached  cells  plus  detached  cells).  In  the  case  of  MCF-7  cells,  we  found  it  necessary  to 
supplement  the  tissue  culture  medium  with  insulin;  otherwise,  viability  and  growth  were 
not  optimal. 

In  order  to  develop  these  cell  lines  as  model  systems  for  studying  programmed  cell  death, 
it  was  necessary  for  us  to  characterize  the  cell  lines  in  terms  of  their  level  of  expression  of 
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the  antiapoptotic  protein,  Bcl-2,  and  for  other  members  of  the  Bcl-2  family.  Therefore,  a 
Western  blotting  technique  was  set  up  to  assess  the  level  of  Bcl-2  protein  in  MCF-7  and 
MB-MDA-468  cells.  Methods  of  Western  blotting  have  been  described  in  earlier  studies 
from  this  laboratory  (14).  Under  conditions  of  exponential  cell  growth,  Bcl-2  was  not 
detected  in  MB-MDA-468  cells  but  was  detected  by  Western  blotting  in  MCF-7  cells  (Figiure 
lA).  The  level  of  Bcl-2  increased  following  confluency  of  MDA-MB-468  cells,  indicating 
that  Bcl-2  expression  may  be  affected  by  cell  density  (Figure  IB).  To  develop  a  panel  of 
useful  cell  lines  for  investigating  the  role  of  Bcl-2  in  breast  cancer  programmed  cell  death, 
we  stably  transfected  MDA-MB-468  cells  with  a  mammalian  expression  vector, 
pSFFV-Bcl-2,  encoding  human  Bcl-2  cDNA,  or  control  vector,  pSFFV-neo,  which  does  not 
encode  Bcl-2.  Methods  for  transfection  and  for  preparation  of  plasmids  has  been  described 
earlier  by  this  laboratory  (14).  By  Western  blotting,  we  confirmed  that  the  Bcl-2 
transfectants  did  indeed  express  substantial  levels  of  Bcl-2  protein,  while  control 
transfectants  do  not  (Figure  1C).  These  cell  lines  were  employed  in  subsequent  experiments 
in  this  report. 

Because  the  MCF-7  line  is  a  hormonally  responsive  line,  it  was  important  for  us  to 
determine  whether  the  level  of  Bcl-2  was  affected  by  the  hormonal  milieu,  as  this  could 
influence  our  studies  of  apoptosis  in  this  experimental  system.  Therefore,  we  assessed  the 
effect  of  estrogen  withdrawal  and  supplementation  on  cell  growth  and  the  level  of  Bcl-2  in 
MCF-7  cells.  To  withdraw  estrogen,  cells  were  cultured  in  phenol  red-free  medium 
supplemented  with  charcoal  stripped  serum.  (The  charcoal  stripping  removes  endogenous 
steroid  hormones.)  As  shown  in  Figure  2A,  culturing  MCF-7  cells  in  medium 
supplemented  with  charcoal  extracted  serum  (Ext  Med)  significantly  repressed  cell  growth. 
We  assessed  Bcl-2  every  48  hr  after  placing  cells  in  estrogen  free  medium.  As  shown  in 
Figure  2B  &  2C,  the  level  of  Bcl-2  declined  over  a  period  of  4-8  days  following  estrogen 
withdrawal.  This  was  an  important  observation,  as  it  suggested  that  the  susceptibility  of 
MCF-7  cells  to  programmed  cell  death  might  be  influenced  by  the  level  of  Bcl-2,  which  in 
turn  was  regulated  by  estrogen.  The  data  in  Figure  2  suggested  that  the  decline  in  Bcl-2 
expression  occurring  when  cells  were  cultured  in  medium  supplemented  with  charcoal 
stripped  serum  was  due  to  estrogen  withdrawal.  An  alternative  hypothesis  was  that  the 
decline  in  Bcl-2  was  due  to  depletion  of  some  other  essential  factor,  other  than  estrogen, 
from  the  serum  during  charcoal  extraction.  To  confirm  that  the  decline  in  Bcl-2  was  indeed 
due  to  estrogen  withdrawal,  we  carried  out  the  "add-back"  experiments.  In  these 
experiments,  MCF-7  cells  were  cultured  in  either  regular  medium  or  mediiun 
supplemented  with  charcoal  extracted  serum,  in  either  the  presence  or  absence  of  1  nM 
17fi-estradiol.  After  6  days  in  culture,  the  Bcl-2  level  was  measured  by  Western  blotting  and 
expressed  as  fold  induction  (level  of  Bcl-2  +  estradiol  /  level  of  Bcl-2  -  estradiol)  (Figure  3). 
The  data  indicate  that  estradiol  indeed  induces  Bcl-2  expression,  and  that  the  level  of  Bcl-2 
in  cells  cultured  in  medium  supplemented  with  extracted  serum  was  restored  by 
supplementing  the  serum  with  1  nM  17fi-estradiol.  Hence,  we  conclude  that  the  decline  in 
Bcl-2  expression  observed  when  cells  are  cultured  in  medium  supplemented  with  charcoal 
extracted  serum  is,  at  least  in  large  part,  due  to  estrogen  withdrawal.  Moreover,  consistent 
with  the  growth  stimulatory  effect  of  estrogen  on  MCF-7  cells,  supplementation  of  charcoal 
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extracted  serum  with  1  nM  17fi-estradiol  restored  cell  proliferation  (Figure  4). 

The  data  in  Figure  2  also  indicate  d\at  the  level  of  Bcl-2  increased  approximately  two-fold 
when  cells  were  cultured  for  8  days  in  the  presence  of  unextracted  serum.  Thus,  the  data  in 
Figure  2  suggest  that  there  is  a  correlation  between  cell  proliferation  and  Bcl-2  expression. 
To  test  this  correlation,  independent  of  the  influence  of  hormonal  manipulations,  we 
tested  the  relationship  between  cell  proliferation  and  Bcl-2  expression  in  the  hormone- 
independent  MDA-MB-468  cell  line.  In  Figure  1,  panel  B,  the  level  of  Bcl-2  in  MDA-MB- 
468  cells  was  measured  by  Western  blotting  over  a  period  of  4  days  after  cells  reached 
confluency.  Within  1  day  of  reaching  confluency,  Bcl-2  was  readily  detectable  in  the  cells, 
whereas  Bcl-2  was  not  detected  during  exponential  growth.  These  data,  coupled  to  those 
described  in  Figure  2,  indicate  that  Bcl-2  expression  correlates  directly  with  cell  density, 
suggesting  that  Bcl-2  expression  may  be  regulated  by  cell-cell  contact  or  by  autocrine  factors 
which  increase  with  increased  cell  density. 

In  summary,  two  well  characterized  human  breast  cancer  cell  lines  were  identified  for  use 
in  our  work.  One  cell  line,  MCF-7  was  found  to  express  Bcl-2  in  an  estrogen-regulated 
fashion.  The  other  cell  line,  MB-MDA-468,  was  found  to  express  Bcl-2  when  allowed  to 
remain  at  confluence,  but  not  during  exponential  growth. 

lb.  Methods  of  inducing  PCD  will  be  established,  using  both  hormonal  and  non-hormonal 
manipulations.  Ic.  PCD  assays,  including  DNA  fragmentation  assays,  will  be  applied  to 
breast  cancer  cells  imdergoing  PCD.  To  determine  whether  or  not  estrogen  withdrawal 
induces  apoptosis  in  MCF-7  cells,  we  cultured  the  cells  in  the  presence  of  charcoal-extracted 
serum  for  up  to  8  days.  This  corresponds  to  the  time  period  over  which  we  characterized 
Bcl-2  expression  and  cell  growth.  Cells  were  stained  with  ethidium  bromide  and  acridine 
orange  and  then  examined  for  apoptotic  morphology  by  fluorescence  microscopy,  using 
previously  published  methods  (22).  No  morphological  evidence  of  apoptosis  was  observed. 
Furthermore,  we  analyzed  cellular  DNA  derived  from  cells  at  various  time  points,  up  to  8 
days  during  culture  in  charcoal-extracted  serum.  There  was  no  evidence  of  DNA 
fragmentation,  consistent  with  the  conclusion  that  the  cells  did  not  undergo  apoptosis 
upon  estrogen  withdrawal.  Hence,  although  cell  growth  was  hormonally  regulated,  there 
was  no  evidence  that  the  cells  underwent  apoptosis  upon  hormone  withdrawal,  even 
though  the  level  of  Bcl-2  expression  declined  during  this  period  of  time. 

We  conclude  that  the  level  of  Bcl-2  present  in  cells  after  hormone  withdrawal  is  probably 
sufficient  to  inhibit  apoptosis.  This  hypothesis  will  need  further  testing,  as  alternative 
hypotheses  exist  that  would  explain  the  findings.  Nevertheless,  apoptosis  did  not  appear  to 
be  induced  in  MCF-7  cells  by  estrogen  withdrawal. 

Subsequent  tasks  address  the  induction  of  apoptosis  in  breast  cancer  cells  using  an  agent 
that  selectively  disrupts  ER  calcium  homeostasis,  thapsigargin. 

Task  2,  Adapt  established  calcium  assays  to  breast  cancer  cell  system: 
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2a.  Conditions  for  optimal  loading  of  breast  cancer  cells  with  Fura-2  will  be  determined. 

2b.  Measurements  of  Fura-2  fluorescence  in  cells  adherent  to  Aclar  plates  will  be 
established. 

2c.  Measmements  of  cytosolic  calcium  and  intracellular  stores  will  be  made  in  cells 
induced  to  imdergo  PCD. 

2d.  Methods  of  measuring  the  ER  calcium  pool  using  mag-fura-2  will  be  established. 

2e.  Calcium  measurements  by  FACS  will  be  performed. 

The  original  grant  application  proposed  using  the  intracellular  calcium  indicator,  Fura-2 
AM  to  assess  the  role  of  calcium  in  apoptosis.  Since  then  more  direct  methods  have  been 
developed  for  measuring  calcium  in  the  ER  (endoplasmic  reticulum).  We  have  therefore 
used  one  of  these  methods,  the  method  of  ER-targeted  cameleons,  to  measure  ER  calcium 
concentration.  Cameleons  are  green  fluorescent  protein  derivatives  targeted  for 
expression  within  a  specific  organelle  for  the  purpose  of  measuring  the  calcium 
concentration  within  that  orgamelle  (23).  The  technique  is  based  on  measuring 
fluorescence  emission  ratios  of  two  green  fluorescent  protein  variants  linked  by  a 
calmodulin-binding  sequence  (24,23)  (Figure  5).  The  fluorescence  resonance  energy  transfer 
(FRET)  between  the  two  fluorophores  produces  caldum-dependent  changes  in  the 
emission  ratio  that  is  used  to  monitor  calcium  within  the  ER  or  cytoplasm  of  living  cells. 
This  approach  has  the  advantage  of  a  genetically  encoded  indicator  that  works  without 
cofactors  and  that  can  be  targeted  to  specific  intracellular  locations.  The  cameleon  used  in 
our  studies  comprises  tandem  fusions  of  a  blue-  or  cyan-emitting  GFP  mutant, 
calmodulin,  the  calmodulin-binding  peptide  Ml  3,  and  an  enhanced  green-  or 
yellow-emitting  GFP  (23)  (Figure  5).  Binding  of  calcium  makes  calmodulin  wrap  around 
the  M13  domain,  increasing  FRET  between  the  flanking  green  fluorescent  proteins.  Two 
separate  cameleons  having  relatively  high  and  low  calcium  affinities,  4er  and  3er 
respectively,  will  be  employed  in  our  studies.  The  experiments  summarized  here 
employed  ^r. 


MDA-MB-468  breast  cancer  cells  were  plated  onto  modified  tissue  culture  dishes,  which 
have  a  partially  removed  bottom  and  a  coverslip  attached  over  the  removed  portion.  A 
pcDNA3  vector  including  the  cDNA  encoding  for  the  ER  targeted  3er  cameleons  (23)  was 
used  at  1  pg/ml  in  the  transfection  solutions  and  cells  were  transiently  transfected  using 
Lipofectamine.  Transfected  cells  were  examined  by  laser  scanning  confocal  microscopy  48 
to  96  hours  after  transfection,  documenting  that  cells  expressing  3er  cameleon  display  a 
reticular  pattern  of  fluorescence  that  does  not  overlap  with  mitochondria  (the  latter  are 
red,  identified  with  Mitotracker).  These  findings  indicate  that  the  cameleon  has  been 
targeted  to  the  ER.  Further  evidence  is  currently  being  collected  to  prove  that  the  cameleon 
expression  is  limited  to  the  ER  lumen. 

To  measure  ER  calcium  concentration,  cells  were  incubated  in  HEPES  buffered  saline,  pH 
7.4,  at  room  temperature.  Individual  cells  were  viewed  on  an  inverted  fluorescence 
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microscope  equipped  with  a  PTI  photoscan  adaptor  with  illumination  by  a  50  W  mercury 
lamp  transmitted  through  neutral  density  filters  (ND  2.0  -  3.0),  a  440  ±  10  nm  excitation 
filter  (filters  and  dichroic  mirrors  from  Omega  Optical),  and  either  a  40x  or  lOOx  objective. 
Excitation  light  was  reflected  by  a  dichroic  mirror  (460nm  DCLP)  and  passed  through  an 
adjustable  aperture  centered  on  the  cell  being  studied.  The  aperture  was  adjusted  to 
minimize  background  light.  A  second  dichroic  mirror  (505nm  DCLP)  separated  the 
emitted  light,  which  passed  through  additional  emission  filters,  at  480  ±  15  nm  for  EYFP 
and  535  ±  125  nm  for  ECFP.  The  emitted  light  was  measured  by  photomultiplier  tubes  and 
the  spatially  averaged  signals  were  digitized  and  stored  at  ~3  Hz.  Following  aperture 
adjustment,  background  light  was  measured  at  both  emission  wavelengths  in  the  absence 
of  cells,  and  these  intensities  were  subtracted  from  the  experimental  signal  light 
intensities.  Data  analysis  was  performed  with  adjustment  for  time-dependent 
photobleaching. 

A  typical  tracing  is  shown  in  Figure  6.  Each  tracing  plots  the  fluorescence  emission  ratio 
F535/F480  over  time,  reflecting  the  ratio  of  calcium-bound  versus  calcium-free  cameleon 
in  the  ER.  A  series  of  parallel  microcapillaries,  fixed  to  an  arm  that  is  mounted  in  a 
micromanipulator,  was  used  to  make  local  solution  changes  to  individual  fields  of  cells. 
The  microperfusion  solutions  are  shown  as  a  bar  across  the  top  of  each  figure  and  were 
prepared  in  HEPES  buffered  saline,  pH  7.40:  1  |iM  ionomycin  with  5  mM  CaCl2, 1  pM 
ionomycin  with  5  mM  EGTA,  and  100  nM  thapsigargin.  In  MDA-MB-468  neo  cells, 
addition  of  the  ER  calcium- ATPase  inhibitor  thapsigargin  produced  a  gradual  fall  in  ER 
emission  ratio,  indicating  a  decrease  in  ER  calcium  concentration  (Figure  6).  Converting 
the  microperfusion  solution  to  EGTA/ionomycin  induced  a  marked  decrease  in  emission 
ratio,  corresponding  to  a  state  of  minimal  ER  calcium  content,  whereas  converting  the 
microperfusion  solution  to  CaCl2/ ionomycin  produced  a  marked  increase  in  emission 
ratio,  corresponding  to  a  state  of  maximal  ER  calcium  content.  Based  on  these  minimum 
and  maximum  values,  together  with  in  vitro  calibration  of  emission  ratio  according  to 
calcium  concentration,  the  ER  calcium  concentration  will  be  determined,  as  described 
elsewhere  (23). 

The  technique  of  using  ER-targeted  cameleons  to  measure  ER  calcium  content  will  be 
applied  in  ongoing  studies  to  assess  the  effect  of  various  apoptosis  inducing  signals  on  the 
ER  calcium  pool,  thereby  testing  the  role  of  ER  calcium  release  in  this  process. 

Task  3,  Determine  effect  of  thapsigargin  on  growth  and  viability  of  breast  cancer  cells: 

3a.  Measure  effects  of  thapsigargin  treatment  on  growth  and  viability  of  breast  cancer  cells 
over  broad  dose-response  range.  To  determine  the  effect  of  the  endoplasmic  reticulum 
(ER)  calcium  pump  inhibitor,  thapsigargin  (TG),  on  cell  growth  and  viability  in  breast 
cancer  cells,  MCF-7  and  MDA-MB-468  cells  were  treated  with  a  range  of  concentrations  of 
TG,  known  from  previous  studies  to  inhibit  calcium  uptake  by  the  ER.  Methods  for  use  of 
TG  have  been  described  previously  (14).  We  found  that  100  nM  was  sufficient  to  inhibit 
cell  proliferation.  In  both  cell  lines,  treatment  with  100  nM  TG  slowed  cell  growth  and 
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induced  loss  of  adherence  properties.  In  MDA-MB-468  cells,  treatinent  with  100  nM  TG 
caused  cell  death,  measured  by  inaeased  incorporation  of  trypan  blue  dye,  whereas  TG 
treatment  did  not  appear  to  induce  cell  death  in  MCF-7  cells. 

Based  on  these  initial  observations,  we  proceeded  directly  to  the  next  planned  experiments, 
designed  to  measure  morphological  and  biochemical  parameters  to  determine  whether 
TG-induced  cell  death  was  due  to  induction  of  apoptosis.  Both  MCF-7  and  MDA-MB-468 
cells  were  treated  with  TG,  an  ER  calcium  pump  inhibitor  that  has  been  shown  previously 
to  induce  apoptosis  in  lymphoma  cells  and  prostate  cancer  cells  (12,25).  Nuclear  chromatin 
condensation,  a  hallmark  of  apoptosis,  was  readily  detected  by  fluorescence  microscopy  in 
TG-treated  MDA-MB-468  cells,  but  was  not  detected  in  TG-treated  MCF-7  cells  (26).  In 
contrast  to  MDA-MB-468  cells,  MCF-7  cells  were  resistant  to  TG-induced  apoptosis, 
whether  or  not  they  were  cultured  in  charcoal  extracted  serum  to  remove  endogenous 
estrogen.  Thus,  culturing  MCF-7  cells  under  estrogen-free  conditions  did  not  increase  their 
susceptibility  to  TG-induced  apoptosis,  indicating  that  the  decrease  in  Bcl-2  level  associated 
with  estrogen  deprivation  is  insufficient  to  increase  the  susceptibility  of  MCF-7  cells  to 
apoptosis  induction  by  TG. 


3b.  Measure  morphological  and  biochemical  parameters  to  determine  whether 
thapsigargin-induced  loss  of  viability  is  due  to  induction  of  apoptotic  cell  death.  Recent 
findings  indicate  that  apoptosis  in  general  is  mediated  by  proteases  related  to  interleukin  1- 
6  converting  enzyme.  These  proteases,  known  as  caspases,  compose  a  family  of  cysteine 
proteases  that  characteristically  cleave  proteins  at  aspartic  acid  residues  (27,28).  Cleavage  of 
selected  target  proteins  by  caspase-3  and  related  is  responsible  for  the  stereotypic 
morphological  changes  characteristic  of  apoptosis  (29).  We  therefore  employed  two 
strategies  to  determine  whether  or  not  TG-induced  apoptosis  was  mediated  by  caspase-like 
proteases.  In  the  first  strategy,  MDA-MB-468  cells  were  stably  transfected  with  a  cDNA 
encoding  p35,  a  baculovirus  inhibitor  of  ICE-like  proteases.  Methods  were  described  in 
detail  previously  (  26).  Although  p35  protein  was  not  detected  in  lysates  of  stably 
transfected  cells  by  Western  blotting  (not  shown),  p35  mRNA  was  readily  detected  by 
RT-PCR.  Control,  vector  only,  transfectants  and  p35  transfectants  were  examined  before 
and  after  TG  treatment  to  detect  morphological  changes  typical  of  apoptosis  (Figure  5  in  ref. 
26,  reprint  in  Appendix).  The  proportion  of  apoptotic  cells  was  quantified  by  examining 
ethidium  bromide/ acridine  orange  stained  cells  under  fluorescence  microscopy,  by 
previously  described  methods  (22).  The  results  indicate  that  p35  inhibits  TG-induced 
apoptosis. 

In  a  second  approach  at  testing  the  importance  of  caspase-like  proteases  in  TG-induced 
apoptosis,  cells  were  treated  with  TG  in  the  presence  or  absence  of  the  peptide 
fluoromethylketone  inhibitor  Z-VAD-fmk.  The  tripeptide  sequence  in  Z-VAD-fmk 
corresponds  to  the  PI  to  P3  residues  of  the  pro-IL-lfi  cleavage  site  (Tyr4ValAlaAsplGly), 
where  caspase-1  cleaves  between  the  Asp  and  Gly  residue  (30).  Deletion  of  the  Tyr  residue 
would  be  expected  to  broaden  the  inhibitory  spectrum  to  include  not  only  caspase-1,  but 
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other  proteases  closely  related  to  caspase-1.  An  effective  treatment  regimen  was  empirically 
derived  in  which  cells  were  treated  with  200  pM  doses  of  Z-VAD-fmk  added  1  h  prior  to 
TG,  and  every  12  h  thereafter  over  a  period  of  48  h.  In  addition  to  Z-VAD-fmk,  Z-FA-fmk, 
a  cathepsin  inhibitor,  was  employed  as  a  negative  control.  Apoptosis  induction  by  TG, 
measured  by  fluorescence  microscopy,  was  inhibited  by  Z-VAD-fmk,  but  not  the  control 
inhibitor,  Z-FA-fmk  (Figure  6  in  ref.  26,  reprint  in  Appendix),  thus  confirming  that 
ICE-like  protease  activity  is  necessary  for  mediating  apoptosis  in  response  to  TG  treatment. 

These  findings  were  published  in  Oncogene  (26). 

3c.  Determine  if  cells  adapt  to  growth  in  thapsigargin,  and  if  cells  so  adapted  become 
resistant  to  induction  of  PCD  by  hormonal  manipulations.  These  experiments  have  not 
been  attempted  in  breast  cancer  cell  lines,  although  similar  experiments  have  been 
conducted  in  lymphoma  lines.  The  findings  indicate  that  cells  can  be  adapted  to  growth  in 
increasing  concentrations  of  thapsigargin.  The  mechanism  appears  to  involve  induction  of 
thapsigargin-insensitive  calcium  pumps  that  restore  calcium  content  to  the  ER  (31). 


3d.  Measure  other  parameters  of  thapsigargin-induced  endoplasmic  calcium  pool 
depletion,  including  transcriptional  induction  of  grp78  and  grp94  genes,  alterations  of 
protein  processing,  and  capacitative  calcium  entry.  Although  the  preceding  findings 
indicate  that  TG  induces  apoptosis  in  breast  cancer  cells,  we  observed  that  the  onset  of  cell 
death  was  much  slower  than  in  lymphoid  cells.  For  example,  we  found  that  certain 
lymphoma  cell  lines  undergo  apoptosis  within  less  than  12  h  following  addition  of  100  nM 
TG  (12).  In  contrast,  only  a  modest  increase  in  apoptotic  cells  was  observed  within  the  first 
24  after  adding  100  nM  TG  to  MDA-MB-468  cells.  To  examine  the  mechanism  underlying 
differences  in  the  susceptibility  of  different  cell  types  to  apoptosis  induction,  we 
investigated  the  grp78/grp94  stress  response  to  TG-induced  ER  calcium  pool  depletion  in 
various  cell  types. 

The  ER  is  the  major  intracellular  reservoir  of  calcium  in  non-muscle  cells.  The  ER  calcium 
pool  is  essential  for  a  number  of  vitcd  cellular  functions  which  include  protein  processing 
within  the  ER,  maintaining  high  translation  rates  of  newly  transcribed  messages, 
preserving  the  structural  integrity  of  the  ER,  and  regulating  cell  proliferation  and  cell  cycle 
progression.  Under  physiological  conditions,  the  ER  calcium  pool  is  maintained  by  an 
associated  calcium- ATPase  that  pumps  calcium  into  the  ER  lumen  from  the  cytoplasm. 

The  ER  calcium  pool  can  be  depleted  by  treating  cells  with  the  calcium  ionophore  A23187 
or  the  selective  ER  calcium-ATPase  inhibitor  thapsigargin  (TG).  ER  function  is  mediated, 
in  part,  by  intraluminal  calcium  binding  proteins  which  include  the  glucose  regulated 
proteins  (GRP's)  GRP78  and  GRP94.  GRP78  and  GRP94  are  found  constitutively  within  the 
ER,  and  transcription  of  the  genes  for  these  proteins  is  elevated  in  response  to  malfolded 
proteins,  inhibition  of  glycosylation  and  ER  calcium  pool  depletion.  GRP78  is  a  highly 
conserved  78  kDa  protein  that  shares  60%  amino  acid  homology  with  the  70  kDa  heat 
shock  protein  (HSP  70).  GRP78  (also  known  as  BiP)  associates  transiently  with  nascent 
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proteins  as  they  traverse  the  ER  and  aids  in  their  folding  and  transport.  The  binding  of 
immature  proteins  by  GRP78  requires  ATP,  and  GRP78  has  both  ATP  binding  and  ATPase 
activities.  GRP94  is  a  94  kDa  glycoprotein  that  shares  50%  amino  acid  homology  with 
HSP90.  GRP94  acts  in  concert  with  GRP78  to  fold  nascent  proteins,  and  also  exhibits 
ATPase  activity. 

In  epithelial  cells  and  fibroblasts,  grp78  and  grp94  are  coordinately  regulated  through 
common  calcium-responsive  promoter  elements  that  respond  to  ER  calcium  pool 
depletion.  Thus,  ER  calcium  pool  depletion,  induced  by  either  A23187  or  TG,  signals  an 
increase  in  grp78/grp94  transcription,  producing  a  5-  to  20  fold  elevation  of  grp78/ grp94 
mRNA  levels.  In  these  cells,  the  loss  of  ER  calcium  induced  by  TG  or  A23187  does  not 
result  in  a  loss  of  viability,  unless  the  grp78/grp94  stress  response  is  repressed  by  antisense, 
promoter  competition  or  ribozyme  techniques.  Moreover,  grp78/ grp94  induction  restores 
protein  synthesis  under  conditions  where  intracellular  calcium  is  depleted.  This  indicates 
that  grp78/grp94  gene  induction  is  a  protective  response  mechanism  by  which  cells 
accommodate  to  potentially  lethal  stress  caused  by  the  disruption  of  intracellular  calcium 
homeostasis. 

Based  on  this  background  information,  we  reasoned  that  the  decreased  susceptibility  of 
breast  cancer  cells  to  apoptosis  induction  by  TG,  compared  to  lymphoma  cells,  might  be 
secondary  to  differences  in  grp78/grp94  stress  response  induction.  To  test  this  hypothesis, 
we  measured  the  level  of  grp78  mRNA  following  TG  treatment  in  WEHI7.2  Ijonphoma 
cells  and  several  breast  cancer  cell  lines,  MmSMT,  MCF-7,  and  MDA-MB-468.  We  found 
that  TG  induced  calcium  loss  from  the  ER  of  WEHI7.2  cells  does  not  induce  grp78 
transcription,  even  if  cells  are  protected  from  undergoing  apoptosis  by  overexpressing  Bcl-2 
(W.Hbl2  is  a  subdone  of  WEHI7.2  cells  stably  transfected  with  cDNA  encoding  Bd-2) 
(Figure  2  in  ref.  22,  reprint  in  Appendix).  In  contrast,  grp78  transcription  was  strongly 
induced  in  each  of  the  breast  cancer  cell  lines  (Figure  8  in  ref.  22,  reprint  in  Appendix). 

In  summary,  these  findings  have  two  important  implications.  First,  the  grp78  stress 
response  may  be  differentially  regulated  among  different  types  of  cells,  with  a  much  greater 
response  observed  in  non-lymphoid  cells  than  in  lymphoid  cells.  Second,  regulation  of 
the  grp78  stress  response  may  be  a  major  factor  in  deciding  whether  a  cell  lives  or  dies  in 
response  to  disruption  of  intracellular  caldum  homeostasis.  Indeed,  the  absence  of  a 
caldum-mediated  grp78  stress  response  may  be  the  basis  for  the  marked  susceptibility  of 
certain  lymphoma  cells  to  TG-induced  apoptosis,  and  the  decreased  susceptibility  of  breast 
cancer  cells  to  TG-induced  apoptosis. 

These  findings  were  published  in  The  Tournal  of  Biological  Chemistry  (22). 

Task  4,  Determine  whether  measures  that  interfere  with  endoplasmic  reticulum  calcium 
release  inhibit  PCD  in  breast  cancer  cells: 

4a.  Measure  effects  of  intracellular  calcium  chelators  and  calcium  antagonists  on  induction 
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of  PCD.  These  experiments  have  not  been  attempted  due  to  the  fact  that  other  experiments 
took  precedence  in  terms  of  the  time  and  funding  available. 

4b.  Determine  effect  of  elevated  grp78  expression  on  PCD,  including  vector  preparation, 
derivation  of  stably  transfected  cells,  measurements  of  inducible  grp78  expression,  and 
assays  to  determine  effect  of  induced  expression  on  PCD. 

The  preceding  findings  indicate  a  direct  correlation  between  the  ability  of  cells  to  mount  a 
strong  grp78  stress  response  and  resistance  to  apoptosis.  To  determine  if  this  resistance  is 
mediated  through  grp78  overexpression  alone,  we  investigated  the  effect  of  enforced 
overexpression  of  grp78  on  apoptosis  induction  in  MDA-MB-468  breast  cancer  cells.  The 
cDNA  encoding  hamster  grp78  was  cloned  into  the  pSFFVneo  expression  vector.  Cells 
were  transfected  with  the  pSFFVneo-grp78  expression  vector.  Stable  transfectants  were 
selected  in  G418  and  multiple  subclones  were  selected.  The  level  of  GRP78  protein  in 
individual  clones  was  measured  by  Western  blotting  on  whole  cell  lysates.  As  shown  in 
Figure  7,  elevated  expression  was  achieved  in  several  clones.  The  effect  of  thapsigargin  on 
the  viability  of  these  clones  was  compared  to  control  transfectants.  Thapsigargin  treatment 
induced  significant  cell  death  in  both  the  control  transfectants  and  the  GRP78 
overexpressing  clones.  Thus,  we  conclude  that  elevated  expression  of  GRP78  is  not 
sufficient  to  protect  cells  from  thapsigargin-induced  apoptosis. 

4c.  Determine  effect  of  elevated  bcl-2  expression  on  PCD,  including  vector  preparation, 
derivation  of  stably  transfected  cells,  assays  to  confirm  elevated  levels  of  expression,  and 
assays  to  determine  effect  of  elevated  expression  on  PCD. 

To  assess  the  effect  of  exogenous  Bcl-2  in  MDA-MB-468  cells,  cells  were  stably  transfected 
with  an  expression  vector  (pSFFVneo-Bcl-2)  encoding  human  Bcl-2.  Transfection  was 
performed  and  individual  clones  were  selected  using  G418.  Western  blotting  analysis  of 
whole  cell  lysates,  using  previously  described  methods  (14),  shows  that  Bcl-2  was 
significantly  overexpressed  in  several  clones  (Figure  8).  The  effect  of  Bcl-2  on  cell  viability 
was  measured  following  thapsigargin  treatment.  The  findings  indicate  that  Bcl-2 
overexpression  provided  modest,  but  definite,  protection  against  thapsgigargin-induced 
apoptosis  (Figure  8). 

Task  5,  Determine  how  intracellular  calciiun  fluxes  contribute  to  PCD  process: 

5a.  Conduct  coimmimoprecitpitation  assays  to  detect  interaction  between  GRP78  and 
endonuclease,  including  preliminary  work  to  establish  endonuclease  asssay. 

5b.  Conduct  experiments  to  detect  regulation  of  Grp78  endonuclease  interaction  by 
endoplasmic  reticulum  calcium  pool. 

5c.  Develop  Northern  hybridization  technique  for  assaying  expression  of  c-fos  and  c-jun. 
5d.  Investigate  regulation  of  c-fos  and  c-jun  by  endoplasmic  reticulum-associated  calcium 
fluxes. 

5e.  Investigate  effect  of  antisense  knockout  of  c-fos  and  c-jun  on  calcium-mediated  PCD  in 
breast  cancer  cells. 
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This  work  has  not  yet  been  initiated  due  to  time  constraints.  It  is  often  difficult  to  estimate 
exactly  how  long  individual  experiments  will  take  to  complete.  Also,  imexpected  technical 
difficulties  occasionally  arise,  even  in  the  best  of  laboratories,  that  may  delay  the  expected 
outcome  of  experiments.  Furthermore,  the  very  nature  of  research  involves  discovery  of 
new  and  potentially  important  findings.  Clarification  and  reproduction  of  such  findings 
may  take  time  that  was  not  included  within  the  time  estimate  of  the  original  grant 
application.  Research  is  not  like  a  30  second  television  commercial  that  provides  an 
immediate  answer  and  immediate  gratification.  Rather  research  requires  continued 
thought  and  reassessment,  and  sometimes  goes  in  unexpected  directions  that  make  precise 
estimates  of  time  difficult.  For  these  reasons,  the  first  4  tasks  took  somewhat  longer  than 
originally  anticipated,  and  hence  there  was  insufficient  time  to  complete  task  5. 

CONCLUSIONS 

In  summary,  the  research  described  in  this  proposal  should  advance  our  understanding  of 
the  mechanism  of  PCD  in  breast  cancer  cells.  Specific  hypotheses  will  be  tested  with  regard 
to  the  role  of  calcium,  particularly  mobilization  of  ER  calcium,  in  the  PCD  pathway.  It  is 
anticipated  that  the  knowledge  gained  from  these  studies  should  provide  a  backgrotmd  on 
which  future  studies  can  build  toward  the  development  of  new  therapeutic  strategies  for 
breast  cancer  based  on  triggering  the  PCD  pathway. 
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Figure  Legends 

Figure  1;  Bcl-2  expression  in  MDA-MB-468  cells.  A,  Western  blot  comparing  levels  of  Bcl-2 
in  MCF-7  and  MDA-MB-468  cells.  B,  Western  blot  showing  levels  of  Bcl-2  in  MDA- 
MB-468  cells  stably  transfected  with  an  expression  vector  encoding  Bcl-2  or  neo 
control  vector.  C,  Western  blot  showing  the  increase  in  Bcl-2  level  that  occurs  when 
MDA-MB-468  cells  are  allowed  to  remain  in  culture  after  they  have  become 
confluent. 

Figure  2:  Effect  of  estrogen  on  Bcl-2  expression  in  MCF-7  cells.  A,  cell  growth  in  tissue 
culture  medium  supplemented  with  unextracted  serum  (Reg  Med)  or  medium 
supplemented  with  charcoal  extracted  serum  (Ext  Med).  B,  Western  blot  comparing 
Bcl-2  levels  in  cells  at  various  time  points  after  cells  were  suspended  in  either  Reg 
Med  or  Ext  Med.  C,  Bcl-2  levels  were  compared  by  scanning  densitometry  of  Western 
blots  similar  to  that  shown  in  panel  B.  Results  represent  the  mean  ±  SE  of  multiple 
experiments. 

Figure  3:  Effect  of  estrogen  restoration  on  Bcl-2  expression  in  cells  cultured  in  regular 

medium  versus  extracted  medium.  17fi-estradiol  was  added  as  described  in  the  text  to 
MCF-7  cells  cultured  in  either  regular  medium  or  extracted  medium  (see  Figure  2  for 
definition)  and  the  fold  induction  of  Bcl-2  level  was  measured  by  Western  blotting. 
Results  represent  the  mean  ±  SE  or  multiple  experiments. 

Figure  4:  Effect  of  estrogen  supplementation  on  cell  proliferation  for  MCF-7  cells  cultured 
in  either  regular  medium  (Reg)  or  medium  supplemented  with  charcoal  extracted 
serum  (Ext).  MCF-7  cells  were  cultured  in  either  regular  medium  or  medium 
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supplemented  with  charcoal  extracted  serum  for  the  times  shown  in  either  the 
presence  or  absence  of  176-estradiol.  Cell  numbers  represent  the  mean  ±  SE  of 
multiple  experiments. 

Figure  5:  Schematic  structure  of  cameleons.  Two  different  fluorescent  protein  derivatives, 
ECFP  and  EYFP,  are  linked  together  by  a  calmodulin  (CaM)/M13  sequence,  as 
described  by  Miyawaki  et  al  (22).  The  binding  of  calcium  to  calmodulin  induces  a 
conformational  change  which  brings  the  two  fluorescent  proteins  into  spatial 
proximity,  allowing  fluorescence  resonance  energy  transfer  (FRET)  between  the  two 
proteins.  Hence,  the  emission  ratio  (F535/F480)  reflects  the  ratio  of  calcium-bound  to 
calcium-free  cameleon  in  the  endoplasmic  reticulum. 

Figure  6:  Measurement  of  ER  calcium  concentration  using  ER-targeted  cameleon  3er.  The 
cameleon  3er  was  targeted  to  the  ER  of  MDA-MB-468  cells  in  a  transient  transfection 
experiment.  The  emission  intensities,  F535  and  F480,  were  measured  simultaneously 
on  a  single  cell  basis.  The  ratio  of  emission  intensities  is  shown  as  the  uppermost 
tracing,  while  the  dashed  line  represents  the  baseline  emission  ratio.  Sequential 
additions  of  Hank's  balanced  salt  solution  (HBS),  thapsigargin  (TG),  EGTA/iono 
(ionomycin),  CaC12/iono  are  shown. 

Figure  7:  Effect  of  grp78  overexpression  on  thapsigargin-induced  cell  death.  Upper  panel, 
MCF-7  cells  were  stably  transfected  with  pSFFV-plasmid  carrying  hamster  grp78  full 
length  cDNA  and  single  colonies  were  isolated.  Whole  cell  lysates  wee  prepared  for 
Western  blotting  with  monoclonal  antibodies  toward  GRP78.  Lane  1,  pSFFV-neo 
control;  lanes  2-4,  GRP78  overexpressing  clones  7,8,  and  11.  Lower  panel,  GRP78 
overexpressing  MCF-7  cells  and  their  controls  were  treated  with  100  nM  thapsigargin 
and  viability  was  determined  12  and  72  hr  after  exposure  with  propidium  iodide 
assay. 

Figure  8:  Effect  of  Bcl-2  overexpression  on  thapsigargin-induced  apoptosis.  Upper  panel, 
MDA-MB-468  cells  were  stably  transfected  with  pSFFV-neo  vector  carrying  full  length 
Bcl-2  cDNA  or  empty  vector  (pSFFV-neo)  and  single  clones  were  isolated.  Whole  cell 
lysates  were  prepared  for  Western  blot  analysis  with  monoclonal  antibody  towards 
human  Bcl-2.  Lane  1,  wild  type  (wt);  lane  2,  pSFFV-neo;  lanes  3-5,  Bcl-2 
overexpressing  clones  Mb6,  Mb9,  MblO. 
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Fig.  1 :  Bcl-2  expression  in  MDA-MB-468  cells 
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Fig.  2:  Effect  of  estrogen  on  Bcl-2  expression  in  MCF-7  ceiis 
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Figure  3:  Effect  of  estrogen  restoration  on  Bci-2  expression  in 
ceiis  cuitured  in  reguiar  medium  versus  extracted  medium. 
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Figure  6  :  Measurement  of  ER  calcium  concentration  using  ER-targeted 
cameleon  3er. 
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Figure  8 
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grp78lgrp94  induction  is  critical  for  maintaining  the 
viability  of  epithelial  cells  and  fibroblasts  following 
treatment  with  thapsigargin  (TG),  an  inhibitor  of  Ca^'*' 
uptake  into  the  endoplasmic  reticulum.  In  contrast  to 
these  ceU  types,  WEHI7.2  mouse  lymphoma  cells  un¬ 
dergo  apoptosis  when  treated  with  TG,  prompting  us  to 
examine  the  grp78fgrp94  stress  response  in  WEHI7.2 
cells.  TG  treatment  failed  to  induce  grp78lgrp94  tran¬ 
scription  in  WEHI7.2  cells,  measured  by  Northern  hy¬ 
bridization  and  nuclear  run-on  assays,  even  if  the  cells 
were  protected  from  apoptosis  by  overexpressing  bcl‘2. 
However,  grp78/grp94  transcription  was  induced  by  the 
glycosylation  inhibitor  tunicamycin,  suggesting  that 
there  are  at  least  two  grp78lgrp94  signaling  pathways, 
one  in  response  to  TG-induced  endoplasmic  reticulum 
Ca^"^  pool  depletion,  which  is  inoperable  in  WEHI7.2 
cells,  and  one  in  response  to  glycosylation  inhibition, 
which  is  operable  in  WEHI7.2  cells.  Studies  of  additional 
lymphoid  lines,  as  well  as  several  nonlymphoid  lines, 
suggested  a  correlation  between  grp78/grp94  induction 
and  resistance  to  apoptosis  following  TG  treatment.  In 
conclusion,  the  vulnerability  of  TG-treated  WEHI7.2 
cells  to  apoptosis  may  be  due  to  failure  to  signal  agrp78f 
grp94  stress  response. 


The  endoplasmic  reticulum  (ER)^  is  the  major  intracellular 
reservoir  of  Ca^'^  in  nonmuscle  cells  (1).  The  ER  Ca^^  pool  is 
essential  for  a  number  of  vital  cellular  functions,  which  include 
protein  processing  within  the  ER  (2,  3),  maintaining  high 
translation  rates  of  newly  transcribed  messages  (4),  preserving 
the  structural  integrity  of  the  ER  (5,  6),  and  regulating  cell 
proliferation  and  cell  cycle  progression  (7).  Under  physiological 
conditions,  the  ER  Ca^"^  pool  is  maintained  by  an  associated 
Ca^'^-ATPase  that  pumps  Ca^^  into  the  ER  lumen  from  the 
cytoplasm  (8).  The  ER  Ca^"^  pool  can  be  depleted  by  treating 
cells  with  the  Ca^"^  ionophore  A23187  or  the  selective  ER 
Ca^'^-ATPase  inhibitor  thapsigargin  (TG)  (9). 

ER  function  is  mediated,  in  part,  by  intraluminal  Ca^"^- 
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binding  proteins,  which  include  the  glucose-regulated  proteins 
GRP78  and  GRP94  (5,  10,  11).  GRP78  and  GRP94  are  found 
constitutively  within  the  ER,  and  transcription  of  the  genes  for 
these  proteins  is  elevated  in  response  to  malfolded  proteins, 
inhibition  of  glycosylation,  and  ER  Ca^"^  pool  depletion  (12-14). 
GRP78  is  a  highly  conserved  78-kDa  protein  that  shares  60% 
amino  acid  homology  with  the  70-kDa  heat  shock  protein 
(HSP70).  GRP78  (also  known  as  BiP)  associates  transiently 
with  nascent  proteins  as  they  traverse  the  ER  and  aids  in  their 
folding  and  transport  (15-20).  The  binding  of  immature  pro¬ 
teins  by  GRP78  requires  ATP,  and  GRP78  has  both  ATP  bind¬ 
ing  and  ATPase  activities  (21).  GRP94  is  a  94-kDa  glycoprotein 
that  shares  50%  amino  acid  homology  with  HSP90  (11,  22). 
GRP94  acts  in  concert  with  GRP78  to  fold  nascent  proteins  and 
also  exhibits  ATPase  activity  (22-24). 

In  epithelial  cells  and  fibroblasts,  grp78  and  grp94  are  coor- 
dinately  regulated  through  common  Ca^"^ -responsive  promoter 
elements  that  respond  to  ER  Ca^"^  pool  depletion  (10, 25).  Thus, 
ER  Ca^"^  pool  depletion,  induced  by  either  A23187  or  TG, 
signals  an  increase  in  grp78/grp94  transcription,  producing  a 
5-20-fold  elevation  of  grp78/grp94  mRNA  levels  (25).  In  these 
cells,  the  loss  of  ER  Ca^"^  induced  by  TG  or  A23187  does  not 
result  in  a  loss  of  viability,  unless  the  grp78lgrp94  stress  re¬ 
sponse  is  repressed  by  antisense,  promoter  competition,  or 
riboz5ane  techniques  (26-28).  Moreover,  grp78lgrp94  induction 
restores  protein  synthesis  under  conditions  where  intracellular 
Ca^"^  is  depleted  (29).  This  indicates  that  grp78fgrp94  gene 
induction  is  a  protective  response  mechanism  by  which  cells 
accommodate  to  potentially  lethal  stress  caused  by  the  disrup¬ 
tion  of  intracellular  Ca^"^  homeostasis. 

In  contrast  to  epithelial  cells  and  fibroblasts,  we  have  found 
that  WEHI7.2  mouse  l3miphoma  cells  undergo  apoptosis  in 
response  to  TG-induced  ER  Ca^'^  loss,  unless  protected  by 
overexpression  of  the  anti-apoptotic  oncogene  bcl-2  (30).  Given 
this  observation,  we  chose  to  examine  the  grp78/grp94  stress 
response  in  WEHI7.2  mouse  lymphoma  cells.  We  report  for  the 
first  time  that  TG-induced  Ca^"^  loss  from  the  ER  of  WEHI7.2 
cells  does  not  induce  grp  78/grp 94  transcription,  even  if  cells  are 
protected  from  undergoing  apoptosis  by  hcl-2.  Interestingly, 
treatment  with  tunicamycin  (TN),  an  inhibitor  of  A/-linked 
glycosylation,  does  induce  grp78lgrp94  transcription,  suggest¬ 
ing  that  ER  Ca^'^  pool  depletion  and  accumulation  of  undergly¬ 
cosylated  proteins  signal  an  increase  ingrp78/grp94  transcrip¬ 
tion  through  independent  pathways,  the  former  pathway  being 
inoperative  in  WEHI7.2  cells.  Moreover,  in  three  breast  cancer 
cell  lines  and  two  additional  lymphoma  lines,  the  induction  of 
grp 78  correlated  with  resistance  to  TG-induced  apoptosis. 
These  findings  suggest  that  inherent  differences  in  the  suscep¬ 
tibility  of  cells  to  apoptosis  induction  by  TG  can  be  determined, 
at  least  in  part,  by  the  celFs  capacity  to  mount  a  grp78lgrp94 
stress  response. 


This  paper  is  available  on  line  at  http://www-jbc.stanford.edu/jbc/ 
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EXPERIMENTAL  PROCEDURES 

Materials -TO  was  purchased  from  LC  Laboratories,  serum  from 
Hyclone  Laboratories,  and  TN  from  Calbiochem.  L-Glutamine,  antibi¬ 
otics,  and  nonessential  amino  acids  were  from  Life  Technologies,  Inc. 
All  other  chemicals,  unless  noted  otherwise,  were  obtained  from  Sigma. 

Cell  Culture  and  Treatment  Conditions -The  WEHI7.2  mouse  lym¬ 
phoma  cell  line,  which  does  not  express  detectable  levels  of  Bcl-2,  was 
stably  transfected  with  a  cDNA  encoding  full-length  human  bcl-2,  yield¬ 
ing  the  W.Hbl2,  W.HblS,  and  W.Hbl5  clones  employed  in  the  present 
study  (30).  Two  additional  Bcl-2-negative  mouse  lymphoma  cell  lines, 
S49.1  and  W7.MG1,  have  been  described  previously  (31).  Lymphoma 
lines  were  maintained  in  Dulbecco’s  modified  Eagle’s  medium  (Bio- 
Whittaker,  Inc.)  supplemented  with  10%  (v/v)  heat-inactivated  horse 
serum,  2  mM  glutamine,  50  units/ml  penicillin,  50  /xg/ml  streptomycin, 
and  0.4  mM  nonessential  amino  acids  at  37  in  a  7%  CO2  atmosphere. 
Cells  were  maintained  at  a  density  of  0.2-1. 5  X  10®/ml  by  dilution  into 
fresh  culture  medium  three  times  weekly.  Mm5MT  mouse  mammary 
cells  (obtained  from  American  Type  Culture  Collection)  were  main¬ 
tained  in  the  same  culture  medium  as  lymphoma  lines,  supplemented 
with  10  //g/m1  bovine  insulin.  MDA-MB-468  human  breast  cancer  cells 
(from  M.  Lippman,  Georgetown  University)  were  cultured  in  improved 
minimal  essential  medium  (Biofluids,  Inc.)  supplemented  with  10% 
(v/v)  heat-inactivated  fetal  bovine  serum,  2  mM  glutamine,  50  units/ml 
penicillin,  50  jag/ml  streptomycin,  and  0.4  mM  nonessential  amino  acids 
at  37  “C  in  a  7%  CO2  atmosphere.  MCF-7  human  breast  cancer  cells 
(from  S.  Gerson,  Case  Western  Reserve  University)  were  cultured  in 
RPMI 1640  medium  (Cancer  Center  Tissue  Culture  Core  Facility)  sup¬ 
plemented  with  10%  (v/v)  heat-inactivated  fetal  bovine  serum,  25  /xg/ml 
bovine  insulin,  2  mM  glutamine,  50  units/ml  penicillin,  50  /xg/ml  strep¬ 
tomycin,  and  0.4  mM  nonessential  amino  acids  at  37  ®C  in  a  7%  CO2 
atmosphere. 

A  1  mg/ml  stock  of  TG  was  made  in  dimethyl  sulfoxide  and  stored  in 
aliquots  at  —20  °C.  A  working  stock  was  prepared  by  diluting  TG  in 
fresh  culture  medium  to  a  final  concentration  of  1  /xm.  TG  was  then 
added  to  the  cell  cultures  to  achieve  the  desired  final  concentrations  as 
noted  below.  Untreated  cultures  received  the  same  volumes  of  dimethyl 
sulfoxide  without  TG.  A  5  mg/ml  stock  of  TN  was  prepared  in  dimethyl 
sulfoxide  and  stored  at  room  temperature.  TN  was  added  to  the  cell 
cultures  to  a  final  concentration  of  0.75  /xm.  Untreated  cultures  received 
the  same  volumes  of  dimethyl  sulfoxide  without  TN.  Cell  viability  was 
assessed  by  counting  cells  on  a  hemocytometer  after  suspension  in 
trypan  blue  dye. 

Western  Blotting -hevels  of  Bcl-2  protein  were  measured  by  Western 
blotting  as  described  previously  (30),  using  a  human  monoclonal  anti- 
Bcl-2  antibody  (Pharmingen).  GRP78  and  GRP94  levels  were  measured 
by  Western  blotting  as  described  previously  (31),  using  a  monoclonal 
antibody  to  GRP78  (provided  by  D.  Bole,  University  of  Michigan)  (15)  or 
a  rabbit  polyclonal  antibody  to  GRP94  (a-HS3)  that  immunocross-re- 
acts  with  GRP78  (provided  by  M.  Green,  St.  Louis  University)  (32). 

Northern  Blot  Analysis— Tot8\  RNA  was  isolated  from  cells  using 
Trizol  (Life  Technologies,  Inc.).  10  or  20  /xg  of  RNA  were  separated 
according  to  size  on  a  1.2%  agarose  gel  with  2.2  m  formaldehyde  (final 
concentration).  After  separation,  the  RNA  was  transferred  to  a  Zeta- 
Probe  membrane  (Bio-Rad)  for  3  h  (Schleicher  &  Schuell  Turboblotter). 
Plasmids  encoding  cDNA  for  grp78  (p3C5  from  A.  Lee,  University  of 
Southern  California),  grp94  (pcI)ER99-2  from  M.  Green),  and  CHO-B 
(from  M.  Wilson,  Scripps  Clinic  and  Research  Foundation)  were  used  as 
the  templates  for  pol3anerase  chain  reaction  amplification  of  the  specific 
cDNA  inserts  of  interest.  Probes  were  prepared  by  labeling  with 
[a-®^P]dCTP  via  random  priming  of  the  polymerase  chain  reaction- 
amplified  insert  (Stratagene  Prime-it  kit).  Use  of  polymerase  chain 
reaction-amplified  fragments  as  the  template  for  random-primed 
probes  eliminated  a  cross-reacting  second  band  generated  by  the  plas¬ 
mid  vector.  Zeta-Probe  membranes  were  prehybridized  for  30  min  at 
65  °C  in  a  buffer  containing  1  mM  EDTA,  0.5  M  NaH2P04,  pH  7.2,  and 
7%  SDS.  The  membranes  were  incubated  overnight  at  65  °C  in  fresh 
hybridization  buffer  containing  one  of  the  labeled  probes.  After  hybrid¬ 
ization,  the  membranes  were  washed  twice  at  65  “C  for  15  min  each  in 
a  buffer  containing  1  mM  EDTA,  40  mM  Na2HP04,  pH  7.2,  and  5%  SDS. 
After  the  first  two  washes,  the  membrane  was  monitored  for  back¬ 
ground.  If  needed,  a  final  wash  using  1  mM  EDTA,  40  mM  Na2HP04,  pH 
7.2,  and  1%  SDS  was  done  at  65  °C  for  15  min.  The  membranes  were 
exposed  to  Kodak  XAR-5  x-ray  film  at  -80  °C.  Blots  were  probed  with 
radiolabeled  DNA  complementary  to  grp78  or  grp94  mRNA,  exposed  to 
film,  and  then  subsequently  probed  with  radiolabeled  DNA  complemen¬ 
tary  to  CHO-B  mRNA.  Blots  were  not  stripped  between  hybridizations 
and  were  stored  moist  at  4  °C.  Pre-  and  post-treatment  levels  of  the 


mRNA  for  grp78  and  grp94  were  quantitated  by  densitometry  using  a 
SciScan  5000  (U.  S.  Biochemical  Corp.)  with  Oberlin  Scientific  Bio¬ 
analysis  software  and  were  normalized  according  to  the  constitutive 
level  of  CHO-B  mRNA.  Statistical  differences  were  derived  using  a 
paired  t  test  of  the  mean  values. 

Nuclear  Run-off —NncleSiX  run-off  assays  were  performed  using  mod¬ 
ifications  of  previously  published  techniques  (33-35).  After  culture  with 
the  appropriate  agent,  WEHI7.2  and  W.Hbl2  cells  (5  X  10^  cells/ 
reaction)  were  centrifuged  at  500  X  g  for  5  min  at  4  °C  and  washed 
twice  in  ice-cold  phosphate-buffered  saline.  Following  the  second  wash, 
the  cells  were  resuspended  in  cell  lysis  buffer  (10  mM  Tris-Cl,  pH  7.4,  3 
mM  CaCl2,  and  2  mM  MgCla)  in  a  total  volume  of  40  ml.  The  cells  were 
centrifuged  at  1000  X  g  for  5  min,  resuspended  in  1  ml  of  cell  lysis 
buffer,  and  added  to  1  ml  of  Nonidet  P-40  lysis  buffer  (10  mM  Tris-Cl,  pH 
7.4,  10  mM  NaCl,  3  mM  MgClg,  and  0.5%  Nonidet  P-40).  After  resus¬ 
pension,  the  cells  were  homogenized  using  a  Dounce  homogenizer  fitted 
with  a  B  pestle.  Phase-contrast  microscopic  examination  of  the  cell 
suspension  was  used  to  determine  that  the  cells  were  free  of  membrane 
components.  Nuclei  were  collected  by  centrifugation  of  the  homogenized 
cells  at  500  X  ^  for  5  min.  The  nuclear  pellet  was  resuspended  in  100  /xl 
of  glycerol  storage  buffer  (50  mM  Tris-Cl,  pH  8.3,  40%  (v/v)  glycerol,  5 
mM  MgCla,  and  0.1  mM  EDTA),  frozen  in  liquid  nitrogen,  and  stored  at 
-80  °C.  Run-off  transcription  was  initiated  by  resuspending  the  frozen 
nuclei  in  100  jxl  of  a  reaction  mixture  containing  10  mM  Tris-Cl,  pH  8.0, 
5  mM  MgClg,  0.3  M  KCl,  1  mM  dithiothreitol,  40  units/ml  RNasin,  1  mM 
ATP,  1  mM  GrTP,  1  mM  CTP,  and  25  /xl  of  [a-®^P]UTP  (3000  Ci/mmol)  at 
30  °C  for  30  min.  The  DNA  was  then  digested  by  adding  1  /xl  of  20,000 
units/ml  RNase-free  DNase.  Yeast  tRNA  (5  /xl  of  10  mg/ml)  was  added 
after  the  DNA  digestion.  Newly  transcribed  RNA  was  purified  by  add¬ 
ing  500  jxl  of  a  guanidinium  thiocyanate  solution  (4  M  guanidinium 
thiocyanate,  25  mM  sodium  citrate,  pH  7.0,  0.5%  AT-lauroylsarcosine, 
and  0.1  M  /3-mercaptoethanol).  The  ^^P-labeled  RNA  was  isolated  by 
phenol/chloroform  extraction  followed  by  precipitation  with  sodium  ac¬ 
etate  (70  jxl  of  2.0  m)  and  1  volume  of  isopropyl  alcohol  at  -20  °C  for  1  h 
in  a  microcentrifuge  tube.  The  RNA  was  pelleted  by  microcentrifuga- 
tion  at  12,000  rpm  for  30  min  at  4  °C.  The  pellet  was  washed  once  with 
70%  ethanol  and  repelleted  at  12,000  rpm  for  5  min  at  4  °C.  The 
^^P-labeled  RNA  was  denatured  by  heating  at  60  °C  in  6  X  SSPE,  1  X 
Denhardt’s  solution,  0.5%  (w/v)  SDS,  and  50%  (v/v)  formamide.  Total 
cpm  of  ^^P  were  equilibrated  and  hybridized  to  slot-blotted  cDNAs  for 
60  h  at  42  °C  in  6  X  SSPE  and  1  X  Denhardt’s  solution  (0.5%  SDS,  50 
/xg/ml  denatured  salmon  sperm  DNA,  and  50%  formamide).  Following 
hybridization,  the  filters  were  washed  in  2  X  SSPE  and  0.1%  SDS  at 
42  °C  for  30  min  and  then  rewashed  once  for  20  min  in  0.2  X  SSPE  and 
0.1%  SDS  at  56  ®C.  After  washing,  the  filters  were  exposed  to  Kodak 
XAR-5  film. 

Slot  Blot— 65  jxg  of  plasmid  DNA  (for  grp78,  grp94,  pBR322,  and 
pCHO-B)  were  linearized  with  the  appropriate  restriction  enzyme  in  a 
final  volume  of  300  /xl.  The  DNA  was  denatured  by  addition  of  33  /xl  of 
1  N  NaOH  and  boiled  for  10  min.  The  linearized  DNA  was  neutralized 
by  addition  of  6  X  SSC  to  a  final  volume  of  1.5  ml  and  placed  on  ice  for 
5  min.  125  /xl  of  DNA  were  added  per  slot  (final  concentration  of  5 
/xg/slot)  and  drawn  onto  the  filter  by  vacuum.  After  adding  the  plasmid 
DNA,  the  filter  was  washed  once  with  6  X  SSC  and  once  with  2  X  SSC 
and  baked  for  30  min  at  80  °C. 

RESULTS 

The  susceptibility  to  cell  death  following  TG  treatment  was 
investigated  in  WEHI7.2  cells,  which  do  not  express  Bcl-2,  and 
in  stable  transfectants  that  express  either  a  low  level  of  Bcl-2 
(W.HblS)  or  a  high  level  of  Bcl-2  (W.Hbl2  and  W.Hbl5)  (Fig. 
LA).  Consistent  with  earlier  findings  (30),  WEHI7.2  cells  rap¬ 
idly  lost  viability  following  treatment  with  100  nM  TG,  whereas 
a  derivative  expressing  a  low  level  of  Bcl-2  (W.HblS)  was  killed 
more  slowly,  and  derivatives  expressing  a  high  level  of  Bcl-2 
(W.Hbl2  and  W.HblS)  were  resistant  to  TG-induced  cell  death 
(Fig.  IB). 

Steady-state  levels  of  grp78  mRNA  following  TG  treatment 
were  assessed  by  Northern  blot  analysis  (Fig.  2).  The  constitu- 
tively  expressed  marker  CHO-B  was  used  to  control  for  minor 
loading  differences  as  described  under  “Experimental  Proce¬ 
dures.”  As  shown  by  the  Northern  blot  in  Fig.  2A,  the  grp78 
mRNA  level  did  not  appear  to  increase  following  treatment  of 
WEHI7.2  cells  with  100  nM  TG.  In  multiple  experiments,  the 
ratio  of  post-treatment  to  pretreatment  levels  was  quantitated 
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Fig.  1.  Effect  of  Bcl-2  on  WEHI7.2  viability  after  TG  treatment. 

A,  using  an  antibody  specific  for  human  Bcl-2,  the  levels  of  Bcl-2  protein 
expressed  by  WEHI7.2  cells  and  stable  transfectants  are  shown  by 
Western  blot  analysis.  B,  exponentially  growing  cells  were  diluted  to  a 
concentration  of  0,3  X  10®/ml  with  fresh  culture  medium  24  h  before 
adding  100  nM  TG  at  the  zero  time  point.  The  percentage  of  trypan 
blue-positive  cells  was  measured  24  h  after  TG  addition.  Error  bars 
represent  the  mean  of  duplicate  determinations  in  multiple 
experiments. 
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Fig.  2.  Effect  of  TG  treatment  on  grp78  mRNA  levels  in 
WEHI7.2  and  W.Hbl2  cells.  Exponentially  growing  cells  were  diluted 
to  a  concentration  of  1  X  10®/ml  with  fresh  culture  medium  before 
adding  100  nM  TG.  RNA  was  isolated  at  the  indicated  times  following 
TG  addition  and  analyzed  by  Northern  hybridization  using  radiolabeled 
grp78  and  CHO-B  cDNA  probes.  Representative  blots  for  WEHI7.2  cells 
(A)  and  W.Hbl2  cells  (B)  are  shown. 


at  each  time  point  by  densitometry  with  normalization  to  the 
CHO-B  standard.  The  maximum  ratio  was  1.7  ±  0.2,  which  did 
not  represent  a  reproducible  elevation  above  pretreatment  lev¬ 
els  (p  ^  0.05).  The  failure  of  TG  treatment  to  induce  an  eleva¬ 
tion  of  the  grp78  mRNA  level  was  confirmed  at  several  other 
concentrations  of  TG  (10,  50,  and  300  nM)  (data  not  shown). 

To  determine  whether  or  not  the  failure  of  TG  treatment  to 
increase mRNA  levels  in  WEHI7.2  cells  was  secondary  to 
early  changes  accompanying  cell  death,  we  examined  the  grp 78 
stress  response  in  W.Hbl2  cells,  which  are  protected  from 
apoptosis  by  hcl-2.  As  shown  by  the  Northern  blot  in  Fig.  2B, 
the  grp78  mRNA  level  did  not  appear  to  increase  following 
treatment  of  W.Hbl2  cells  with  100  nM  TG.  In  multiple  exper¬ 
iments,  the  maximum  post-treatment  to  pretreatment  grp  78 
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Fig.  3.  Effect  of  TG  treatment  on  grp78  mRNA  levels  in  W.Hbl3 
and  W.Hbl5  cells.  Exponentially  growing  cells  were  diluted  to  a  con¬ 
centration  of  1  X  10®/ml  with  fresh  culture  medium  before  adding  100 
nM  TG.  RNA  was  isolated  at  the  indicated  times  following  TG  addition 
and  analyzed  by  Northern  hybridization  using  radiolabeled  grp78  and 
CHO-B  cDNA  probes.  Representative  blots  for  W.Hbl3  cells  (A)  and 
W.HblS  cells  (B)  are  shown. 

mRNA  ratio  was  2.1  ±  0.4,  which  did  not  represent  a  signifi¬ 
cant  elevation  above  pretreatment  levels  (p  ^  0.05).  Northern 
blot  analysis  of  two  other  Bcl-2-expressing  clones,  W.HblS  and 
W.Hbl5,  confirmed  that  grp 78  mRNA  levels  did  not  increase 
following  treatment  with  100  nM  TG  (Fig.  3,  A  and  B).  Note  that 
in  Fig.  3,  grp 78  mRNA  levels  actually  decreased  relative  to 
CHO-B  levels  at  16  and  24  h  after  TG  addition.  This  observa¬ 
tion  was  variable  among  experiments,  including  those  with 
WEHI7.2  and  W.Hbl2  cells.  Note  that  we  have  previously 
shown,  in  WEHI7.2  cells  and  derivatives  expressing  Bcl-2,  that 
TG  treatment  inhibits  the  ER  Ca^'‘‘-ATPase,  producing  c5ftoso- 
lic  Ca^^  elevation  and  ER  Ca^^  pool  depletion  (30,  36).  Hence, 
the  failure  to  significantly  elevate  grp78/grp94  transcription 
following  TG  treatment  is  not  due  to  a  failure  of  TG  to  disrupt 
Ca^^  homeostasis. 

Levels  of  GRP78  and  GRP94  proteins,  assessed  by  Western 
blotting,  were  the  same  in  untreated  WEHI7.2  and  W.Hbl2 
cells,  indicating  that  hcl-2  does  not  affect  basal  levels  of  GRP78/ 
GRP94  expression  at  the  protein  level  (Fig.  4,  A  and  B).  Fur¬ 
thermore,  levels  of  GRP78  protein  did  not  increase  following 
TG  treatment  in  either  WEHI7.2  or  W.Hbl2  cells  (Fig.  4C). 

Both  WEHI7.2  and  W.Hbl2  cells  up-regulated  grp 78  mRNA 
levels  by  6-7-fold  when  treated  with  0.75  pM  TN  (Fig.  5).  Thus, 
although  ER  Ca^"^  pool  depletion  failed  to  induce  an  up-regu- 
lation  of  grp  78  mRNA,  accumulation  of  unglycosylated  proteins 
in  the  ER  induced  a  strong  up-regulation  of  grp  78  mRNA 
levels.  These  findings  suggest  that  there  is  more  than  one 
signal  transduction  pathway  for  grp  78  induction  (see 
“Discussion”). 

To  assess  \igrp94  is  regulated  in  the  same  manner  as  grp78 
in  WEHI7.2  and  W.Hbl2  cells,  we  examined  the  steady-state 
level  of  grp94  mRNA  after  treatment  with  100  nM  TG  (Fig.  6). 
A  modest  elevation  ofgrp94  mRNA  levels  appeared  to  occur  at 
5  h  after  TG  addition  in  both  WEHI7.2  and  W.Hbl2  cells.  In 
multiple  experiments,  however,  the  maximum  ratio  of  post¬ 
treatment  to  pretreatment  grp94  mRNA  levels  in  WEHI7.2 
cells  was  only  2.0  ±  0.5,  which  did  not  represent  a  reproducible 
elevation  above  base-line  levels  (p  ^  0.05).  In  W.Hbl2  cells,  the 
maximum  ratio  was  only  1.5  ±  0.2,  which  also  did  not  represent 
a  significant  elevation  above  base-line  levels  (p  >  0.05). 

The  preceding  findings  suggest  that  TG  treatment  does  not 
signal  an  increase  in grp78/grp94  transcription  in  the  WEHI7.2 
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Fig.  6.  Effect  of  TG  treatment  on  grp94  mRNA  levels  in 
WEHI7.2  and  W.Hbl2  cells.  Exponentially  growing  cells  were  diluted 
to  a  concentration  of  1  X  10®/ml  with  fresh  culture  medium  before 
adding  100  nM  TG.  RNA  was  isolated  at  the  indicated  times  following 
TG  addition  and  analyzed  by  Northern  hybridization  using  radiolabeled 
grp94  and  CHO-B  cDNA  probes.  Representative  blots  for  WEHI7.2  cells 
(A)  and  W.Hbl2  cells  {B)  are  shown. 


Fig.  4.  GRP78  and  GRP94  protein  levels  in  WEHI7.2  and 
W.Hbl2  cells.  A  and  B,  protein  was  isolated  from  exponentially  grow¬ 
ing  cells  and  separated  by  SDS-polyacrylamide  gel  electrophoresis  in 
the  amounts  shown.  Western  blots  were  probed  with  a  monoclonal 
antibody  to  GRP78  (A)  or  with  a  polyclonal  antibody  that  recognizes 
both  GRP94  and  GRP78  (B).  C  and  D,  protein,  isolated  from  WEHI7.2 
and  W.Hbl2  cells,  respectively,  at  various  times  after  adding  100  nM 
TG,  was  separated  by  SDS-polyacrylamide  gel  electrophoresis  and  an¬ 
alyzed  by  Western  blotting  using  a  monoclonal  antibody  to  GRP78. 
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Fig.  5.  Effect  of  TN  treatment  on  grp78  mRNA  levels  in 
WEHI7.2  and  W.Hbl2  cells.  Exponentially  growing  cells  were  diluted 
to  a  concentration  of  1  X  10®/ml  with  fresh  culture  medium  before 
adding  0.75  fxM  TN.  RNA  was  isolated  at  the  indicated  times  following 
TN  addition  and  analyzed  by  Northern  hybridization  using  radiolabeled 
grp 78  and  CHO-B  cDNA  probes.  Representative  blots  for  WEHI7.2  cells 
(A)  and  W.Hbl2  cells  (R)  are  shown. 


lymphoma  cell  line  or  its  derivatives  that  express  Bcl-2.  To 
confirm  that  this  is  the  case,  we  measured  the  effect  of  TG 
treatment  on  the  transcription  rate  of  grp78  and  grp94  genes 
by  nuclear  run-off  assays  using  isolated  nuclei  from  WEHI7.2 
and  W.Hbl2  cells.  An  increase  in  newly  expressed  grp78/grp94 
message  after  TG  treatment  was  not  detected  in  WEHI7.2  cells 
(Fig.  7A)  or  W.Hbl2  cells  (Fig.  7B).  TN  treatment,  however,  did 
induce  a  significant  increase  in  grp 78  and  grp94  transcription, 
which  was  detected  by  5  and  7  h,  respectively.  This  indicates 
that  grp78fgrp94  transcription  is  not  induced  by  TG  in 
WEHI7.2  cells  or  derivatives  that  express  Bcl-2,  but  is  induced 
byTN. 

Because  earlier  studies  of  grp  78  regulation  have  emphasized 
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Fig.  7.  Effect  of  TG  and  TN  treatment  on  grp78  and  grp94 
transcription.  Nuclei  were  isolated  from  WEHI7.2  cells  (A)  and 
W.Hbl2  cells  (R)  after  treatment  with  100  nM  TG  or  0,75  pM  TN  for  the 
indicated  times.  Equal  amounts  (cpm)  of  ^^P-labeled  nuclear  run-off 
RNA  were  hybridized  to  slot  blots  containing  5  pg  of  immobilized  grp78 
or  grp94  plasmids.  Hybridization  of  run-off  RNA  to  slot  blots  containing 
the  CHO-B  plasmid  and  the  empty  plasmid  vector  pBR322  was  used  as 
a  control.  The  time  samples  taken  following  TG  or  TN  addition  are 
indicated.  Results  are  representative  of  three  experiments. 


epithelial  cells  and  fibroblasts  (see  the  Introduction),  as  a  pos¬ 
itive  control,  we  examined  the  effect  of  TG  treatment  ongrp78 
mRNA  levels  in  three  epithelial  breast  cancer  lines,  Mm5MT, 
MDA-MB-468,  and  MCF-7.  Treatment  of  Mm5MT  cells  with 
100  nM  TG  did  not  induce  cell  death  (Fig.  8D),  but  did  induce  a 
5-fold  elevation  of  grp  78  mRNA  levels  detectable  vdthin  7  h  of 
adding  TG  (Fig,  8R).  MDA-MB-468  and  MCF-7  cells  were  also 
much  less  sensitive  than  WEHI7.2  cells  to  TG-induced  cell 
death  (Fig.  8D)  and  displayed  marked  induction  of  grp  78 
mRNA  levels  in  response  to  TG  treatment  (Fig.  8,  B  and  C). 

To  determine  if  the  defect  in  TG-mediatedgrp78  signaling  is 
observed  in  other  lymphoid  cells,  we  measured  the  effect  of  TG 
treatment  on  grp  78  mRNA  levels  in  two  additional  Bcl-2-neg- 
ative  mouse  lymphoma  lines,  W7,MG1  and  S49.1.  grp 78  tran¬ 
scription  is  induced  by  TN  treatment  in  both  of  these  lines  (31). 
The  level  of  grp  78  mRNA  failed  to  increase  following  TG  treat¬ 
ment  in  W7.MG1  cells,  which  rapidly  lost  viability  following  TG 
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Fig.  8.  Effect  of  TG  on  grp78  mRNA  levels  and  viability  in 
breast  cancer  cells.  A,  exponentially  growing  MmSMT  cells  were 
treated  with  100  nM  TG.  RNA  was  isolated  at  the  indicated  times 
following  TG  addition  and  analyzed  by  Northern  hybridization  using 
radiolabeled  grp 78  and  CHO-B  cDNA  probes.  B,  exponentially  growing 
MDA-MB-468  cells  were  treated  with  multiple  concentrations  of  TG. 
RNA  was  isolated  7  h  after  TG  addition  and  analyzed  by  Northern 
hybridization  using  radiolabeled  grp78  and  CHO-B  cDNA  probes.  C, 
exponentially  growing  MCF-7  cells  were  treated  with  multiple  concen¬ 
trations  of  TG.  RNA  was  isolated  7  h  after  TG  addition  and  analyzed  by 
Northern  hybridization  using  radiolabeled  grp78  and  CHO-B  cDNA 
probes.  D,  exponentially  growing  cells  were  incubated  for  24  h  in  the 
presence  or  absence  of  100  nM  TG.  The  percentage  of  trypan  blue¬ 
positive  cells  was  measured  24  h  after  TG  addition.  Error  bars  repre¬ 
sent  the  mean  of  duplicate  determinations  in  multiple  experiments. 


treatment,  whereas  the  level  ofgrp78  mRNA  did  increase  3-4- 
fold  following  TG  treatment  in  S49.1  cells,  which  were  rela¬ 
tively  resistant  to  TG-induced  cell  death  (Fig.  9).  These  data 
are  consistent  with  the  concept  that  a  deficiency  of  grp7 8  in¬ 
duction  increases  susceptibility  to  TG-induced  cell  death. 

DISCUSSION 

We  have  discovered  that  the  transcription  of  grp78  and 
grp94  is  not  significantly  increased  in  WEHI7.2  cells  in  re¬ 
sponse  to  treatment  with  the  ER  Ca^'^-ATPase  inhibitor  TG, 
even  when  apoptosis  is  inhibited  by  overexpressing  grp78.  Ex¬ 
amination  of  two  additional  l5Tnphoma  lines  revealed  an  ab¬ 
sence  of  grp7 8  induction  in  W7.MG1  cells  and  3- 4-fold  induc¬ 
tion  of  grp78  in  S49.1  cells  following  TG  treatment.  By 
comparison,  TG  treatment  induced  a  marked  elevation  of  grp7 8 
mRNA  levels  in  all  three  nonl3nnphoid  lines  tested  (MmSMT, 
MDA-MB-468,  and  MCF-7),  consistent  with  studies  indicating 
that  TG  treatment  substantially  induces  grp78/grp94  tran¬ 
scription  in  epithelial  cells  and  fibroblasts  (13). 

We  have  previously  shown,  in  WEHI7.2  cells  and  derivatives 
expressing  Bcl-2,  that  TG  treatment  inhibits  the  ER  Ca^"^- 
ATPase,  producing  cytosolic  Ca^"^  elevation  and  ER  Ca^'^  pool 
depletion  (30,  36).  Hence,  the  failure  to  significantly  elevate 
grp78fgrp94  transcription  following  TG  treatment  is  not  due  to 
a  failure  of  TG  to  disrupt  Ca^"^  homeostasis.  Moreover,  in  the 
present  study,  we  show  that  TN  treatment  induces  a  substan¬ 
tial  grp78/grp94  transcriptional  response.  This  observation  is 
important  for  two  reasons.  First,  it  provides  evidence  that  the 
grp78/grp94  stress  response  is  not  already  maximally  induced 
in  WEHI7.2  cells.  Second,  it  suggests  that  the  grp78fgrp94 
stress  response  induced  by  Ca^"^  mobilization  may  be  regulated 
differently  than  that  induced  by  TN.  Ca^^  mobilization  and 
inhibition  of  glycosylation  have  been  shown  to  induce  grp78l 


Fig.  9.  Effect  of  TG  on  grp78  mRNA  levels  and  viability  in 
lymphoma  cells.  A,  exponentially  growing  cells  were  incubated  for 
24  h  in  the  presence  or  absence  of  100  nM  TG.  The  percentage  of  trypan 
blue-positive  cells  was  measured  24  h  after  TG  addition.  Error  bars 
represent  the  mean  of  duplicate  determinations  in  multiple  experi¬ 
ments.  R,  exponentially  growing  W7.MG1  cells  were  diluted  to  a  con¬ 
centration  of  0.5  X  10®/ml  in  fresh  culture  medium  7  h  before  adding 
100  nM  TG.  RNA  was  isolated  7  h  after  TG  addition  and  analyzed  by 
Northern  hybridization  using  radiolabeled  grp78  and  CHO-B  cDNA 
probes.  C,  exponentially  growing  S49.1  cells  were  diluted  to  a  concen¬ 
tration  of  0.5  X  10®/ml  in  fresh  culture  medium  7  h  before  adding  100 
nM  TG.  RNA  was  isolated  7  h  after  TG  addition  and  analyzed  by 
Northern  hybridization  using  radiolabeled  grp78  and  CHO-B  cDNA 
probes. 


grp94  transcription  through  common  promoter  elements  (12). 
Therefore,  the  deficiency  in  the  TG-induced  grp78/grp94  tran¬ 
scriptional  response  observed  in  WEHI7,2  cells  is  unlikely  to 
reside  at  the  promoter  level.  One  possible  explanation  for  our 
findings  is  that  two  independent  ER-to-nucleus  grp78lgrp94 
signaling  pathways  may  exist:  one  Ca^'^-mediated  and  the 
other  mediated  by  glycosylation  inhibition.  Both  pathways  are 
operative  in  fibroblasts  and  epithelial  cells,  which  induce 
grp78lgrp94  in  response  to  both  TG  and  TN,  but  only  the 
glycosylation  inhibition  signaling  pathway  appears  to  be  oper¬ 
ative  in  WEHI7.2  cells. 

Little  is  known  about  the  ER-to-nucleus  signaling  pathway 
that  activates  grp  7S/^rp94  transcription.  ER-to-nucleus  signal¬ 
ing  may  be  Ca^ '^/calmodulin-regulated  (37)  or  may  be  mediated 
through  tyrosine  kinases  and/or  serine/threonine  kinases  (38, 
39).  Recently,  it  has  been  shown  that  IRE  Ip  (Ernl),  a  yeast 
transmembrane  serine/threonine  kinase  required  for  the  in¬ 
duction  of  KAR2,  the  yeast  homologue  of  grp  78,  may  play  a  role 
in  the  ER-to-nucleus  signaling  pathway  mediating  iL4R2/grp  78 
up-regulation  in  response  to  malfolded  proteins  (40,  41),  Over¬ 
expression  of  IRE  Ip  in  fibroblasts  produced  a  modest  increase 
in  the  ability  of  transfectants  to  up-regulate  grp  78  in  response 
to  TG  treatment  (39).  The  WEHI7.2  cell  line  described  in  this 
report  may  be  a  useful  model  for  the  delineation  of  ER-to- 
nucleus  signaling  pathways.  For  example,  it  will  be  interesting 
to  determine  whether  or  not  expression  of  IRElp/Eml  restores 
Ca^'^-mediated  grp78/grp94  transcriptional  induction  in  these 
cells,  thus  further  elucidating  the  role  of  IRElp/Ernl  proteins 
in  the  pathway  of  grp7 8/ grp94  induction. 

Understanding  ER-to-nucleus  signaling  pathways  should 
provide  insight  into  mechanisms  that  regulate  apoptosis  induc¬ 
tion  during  ER  Ca^"^  pool  depletion.  Indeed,  our  findings  sug¬ 
gest  that  cells  deficient  in  grp 78  stress  response  signaling  are 
more  susceptible  to  TG-induced  apoptosis  than  cells  that 
mount  a  grp78  stress  response.  These  findings  are  consistent 
with  those  of  earlier  work  by  Lee  and  co-workers  (26-28)  in 
fibroblasts  and  epithelial  cells,  indicating  that  up-regulation  of 
grp78  and  coordinately  regulated  grp94,  in  response  to  ER 
Ca^"^  pool  depletion,  prevents  cell  death.  Hence,  when  the 
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grp78lgrp94  response  was  inhibited,  fibroblasts  died  in  re¬ 
sponse  to  treatment  with  agents  that  mobilize  Ca^'^  from  the 
ER,  including  TG  and  the  ionophore  A23187.  Using  a 
grp78  antisense  plasmid,  they  demonstrated  that  the  inability 
to  up-regulate  grp78  resulted  in  increased  cell  death  following 
A23187  treatment  (26).  Similarly,  when  grp78  induction  was 
inhibited  by  amplification  of  the  core  promoter  region,  an 

increased  sensitivity  to  A23187  was  observed  (27).  Further¬ 
more,  when  induction  of  grp78/grp94  was  inhibited  by  ri- 
boz3nne  cleavage  of  newly  transcribed  grp94  mRNA,  increased 
sensitivity  to  A23187  and  TG  was  observed  (28).  Interestingly, 
abrogation  of  the  grp78/grp94  stress  response  did  not  enhance 
the  cytotoxicity  of  TN,  suggesting  that  the  increase  in  grp78/ 
grp94  transcription  provides  specific  protection  against  ER 
Ca^"*^  pool  depletion  (28).  In  agreement  with  their  findings,  we 
have  found  that  WEHI7.2  and  W.Hbl2  cells  were  killed  by  TN 
(data  not  shown),  even  though  TN  increased  grp78lgrp94 
transcription. 

Understanding  the  role  of  grp78lgrp94  in  regulating  cell 
death  may  have  important  implications  for  cancer  therapy.  In 
this  regard,  there  is  evidence  that  prior  induction  ofgrp78  can 
make  cells  less  susceptible  to  death  following  treatment  with 
photodynamic  therapy  (42),  the  superoxide-generating  anti¬ 
cancer  agent  doxorubicin  (43),  and  the  topoisomerase  inhibitor 
etoposide  (44). 

In  summary,  the  findings  reported  here  have  three  impor¬ 
tant  implications.  First,  the  grp78fgrp94  stress  response  may 
be  differentially  regulated  among  different  types  of  cells,  with 
a  much  greater  response  observed  in  nonl3rmphoid  cells  than  in 
lymphoid  cells.  Second,  there  may  be  at  least  two  signal  trans¬ 
duction  pathways  that  mediate  the  grp78lgrp94  stress  re¬ 
sponse,  one  in  response  to  ER  Ca^‘*‘  mobilization  and  the  other 
in  response  to  protein  glycosylation  inhibition.  Third,  regula¬ 
tion  of  the  grp78/grp94  stress  response  may  be  a  major  factor  in 
deciding  whether  a  cell  lives  or  dies  in  response  to  disruption  of 
intracellular  homeostasis.  Indeed,  the  absence  of  a  Ca^"^- 
mediated  grp78lgrp94  stress  response  may  be  the  basis  for  the 
marked  susceptibility  of  WEHI7.2  cells  to  TG-induced 
apoptosis. 
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Programmed  cell  death,  or  apoptosis,  is  inhibited  by  the 
antiapoptotic  oncogene,  Bcl-2,  and  is  mediated  by  a 
cascade  of  aspartate-specific  cysteine  proteases,  or 
caspases,  related  to  interleukin  l-j5  converting  enzyme. 
Depending  on  cell  type,  apoptosis  can  be  induced  by 
treatment  with  thapsigargin  (TG);  a  selective  inhibitor  of 
the  endoplasmic  reticulum-associated  calcium-ATPase. 
The  role  of  caspases  in  mediating  TG-induced  apoptosis 
was  investigated  in  the  Bcl-2-negative  human  breast 
cancer  cell  line,  MDA-MB-468.  Apoptosis  developed  in 
MDA-MB-468  cells  over  a  period  of  24-72  h  following 
treatment  with  100  nM  TG,  and  was  prevented  by  Bcl-2 
overexpression.  TG-induced  apoptosis  was  associated 
with  activation  of  caspase-3  and  was  inhibited  by  stable 
expression  of  the  baculovirus  p35  protein,  an  inhibitor  of 
caspase  activity.  Also,  TG-induced  apoptosis  was 
inhibited  by  treating  cells  with  Z-VAD-fmk,  a  cell- 
permeable  fluoromethylketone  inhibitor  of  caspases. 
These  findings  indicate  that  TG-induced  apoptosis  of 
MDA-MB-468  breast  cancer  cells  is  subject  to  inhibition 
by  Bcl-2  and  is  mediated  by  caspase  activity.  This  model 
system  should  be  useful  for  further  investigation  directed 
toward  understanding  the  role  of  calcium  in  signaling 
apoptosis,  and  its  relationship  to  Bcl-2  and  the  caspase 
proteolytic  cascade. 

Keywords:  thapsigargin;  apoptosis;  Bcl-1;  ICE-like 
protease 


Introduction 

Programmed  cell  death  (PCD),  or  apoptosis,  is 
important  for  proper  development  and  homeostasis  of 
tissues;  thus,  insight  into  PCD  mechanisms  will 
contribute  to  improved  understanding  and  treatment 
of  diseases  in  which  the  normal  balance  between  cell 
proliferation  and  cell  death  is  disrupted  (Thompson, 
1995).  For  example,  the  PCD  process  mediates  both 
the  physiologic  involution  of  normal  breast  epithelium 
following  lactation  and  the  regression  of  breast  cancer 
following  hormonal  manipulation  or  chemotherapy 
administration  (McCloskey  et  aL,  1996). 

Studies  in  the  primitive  nematode,  C.  elegans,  have 
contributed  considerably  to  our  understanding  of 
fundamental  PCD  mechanisms  by  proving  that 
apoptosis  involves  a  systematic,  stepwise  process  of 
cellular  destruction  regulated  by  genes  encoding  either 
death  inhibitors  or  effectors  (Steller,  1995).  For 
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example,  the  C.  elegans  gene  ced-9  encodes  an  inhibitor 
of  cell  death,  whereas  the  ced-3  and  ced-4  genes  encode 
death  effectors.  Mammalian  cells  express  genes  homo¬ 
logous  to  ced-9  and  ced-3,  indicating  that  the  apoptotic 
pathway  is  highly  conserved.  The  mammalian  homolog 
of  ced-9  is  bcl-2,  a  potent  inhibitor  of  apoptosis  that 
prevents  PCD  triggered  by  diverse  death  signals  (Cory, 
1995).  The  mammalian  homolog  of  ced-3  is  the  cysteine 
protease,  interleukin  l-j9  converting  enzyme  (ICE) 
(Yuan  et  aL,  1993).  ICE,  along  with  a  number  of 
ICE-like  proteases,  or  caspases,  compose  a  family  of 
cysteine  proteases  that  cleave  proteins  at  aspartic  acid 
residues  (Henkart,  1996).  Recent  findings  suggest  that  a 
caspase  proteolytic  cascade  mediates  cell  death  by 
cleaving  selected  target  proteins  (Martin  and  Green, 
1995;  Fraser  and  Evan,  1996).  Bcl-2  appears  to  inhibit 
apoptosis  by  preventing  caspase  activation  Chinnaiyan 
et  aL,  1996;  Jacobson  et  aL,  1996;  Shimizu  et  aL,  1996). 
ICE-like  proteases  have  been  implicated  as  mediators  of 
apoptosis  in  response  to  a  variety  of  death  signals, 
including  trophic  factor  deprivation,  protein  kinase 
inhibition  by  staurosporine,  and  cytotoxic  lymphocyte 
killing  (Milligan  et  aL,  1995;  Jacobson  et  aL,  1996; 
Martin  et  aL,  1996).  Thus,  activation  of  a  caspase 
cascade  may  be  a  final  common  pathway  where  diverse 
cell  death  signals  converge. 

We  have  been  investigating  the  mechanism  of  cell 
death  signaling  following  inhibition  of  calcium  ion 
uptake  into  the  endoplasmic  reticulum  (ER)  by  the 
sesqueterpene  lactone  tumor  promoter  thapsigargin 
(TG).  In  lymphoma  cells,  TG  treatment  induces 
apoptotic  cell  death,  which  can  be  prevented  by  Bcl-2 
overexpression  (Lam  et  aL,  1993,  1994).  In  the  present 
report,  we  show  that  TG  also  induces  apoptosis  in  the 
human  breast  cancer  cell  line,  MDA-MB-468,  and  that 
TG-induced  apoptosis  involves  caspase-3  activation 
and  is  prevented  by  expressing  the  baculovirus  anti¬ 
apoptotic  protein  p35,  an  inhibitor  of  caspases  (Bump 
et  aL,  1995).  Also,  we  show  that  TG-induced  apoptosis 
can  be  inhibited  by  treating  cells  with  a  cell-permeable, 
irreversible,  tripeptide  inhibitor  of  caspases,  Z-Val-Ala- 
Asp-fluoromethylketone  (Z-VAD-fmk)  (Jacobson  et 
aL,  1996).  These  findings  indicate  that  TG-induced 
apoptosis  is  mediated  through  a  highly  conserved  PCD 
process  regulated  by  Bcl-2  and  mediated  by  caspases. 


Results 

When  treated  with  100  nM  TG,  MDA-MB-468  cells 
underwent  apoptotic  cell  death.  The  distinction 
between  viable  cells  and  apoptotic  cells  was  based  on 
nuclear  chromatin  pattern,  assessed  by  fluorescence 
microscopy  of  cells  stained  with  acridine  orange 
(Figure  1).  The  nuclear  chromatin  of  viable  cells  was 
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dispersed,  whereas  that  of  apoptotic  cells  was 
condensed  into  densely  fluorescent  apoptotic  bodies. 
To  test  the  effect  of  Bcl-2  on  TG-induced  apoptosis, 
MDA-MB-468  cells  were  stably  transfected  with 
pSFFV-neo-Bcl-2  or  pSFFV-neo,  producing  468“Bcl-2 
and  468-neo  cells,  respectively.  Bcl-2  was  present  at 
very  low  levels  in  468-neo  cells,  but  was  readily 
detected  by  Western  blotting  in  468-Bcl-2  cells 
(Figure  2a).  Following  exposure  to  100  nM  TG,  468- 
neo  cells  underwent  apoptosis,  which  evolved  over  a 
period  of  24-72  h  (Figure  2b).  Thus,  the  kinetics  of 
apoptosis  induction  were  much  slower  than  reported 
previously  in  lymphoma  cells,  where  a  peak  in  the 
percentage  of  apoptotic  cells  was  detected  within  12  h 
of  adding  100  nM  TG  (McCormick  et  al,  1997).  TG- 
induced  apoptosis  was  markedly  repressed  in  468-Bcl-2 
cells,  representative  of  multiple  Bcl-2-expressing  clones, 
indicating  that  TG-induced  apoptosis  is  mediated 
through  a  Bcl-2-regulated  pathway  (Figure  2b). 

To  determine  if  TG-induced  apoptosis  is  associated 
with  caspase  activation,  the  level  of  pro-caspase-3 
(CPP32,  Yama,  or  apopain)  was  assessed  in  MDA- 
MB-468  cells  by  Western  blotting  using  a  monoclonal 
antibody  to  human  pro-caspase-3.  During  activation, 
pro-caspase-3  undergoes  cleavage  to  two  subunits  that 
form  the  active  heterotetramer  (Henkart,  1996).  The 
level  of  pro-caspase-3  declined  within  48  h  of  TG 
addition,  indicating  conversion  of  pro-caspase-3  to  an 
active  form  (Figure  3).  Two  methods  were  employed  to 
determine  whether  or  not  ICE-like  protease  activation 
is  a  necessary  step  in  TG-induced  apoptosis.  In  the 
first,  MDA-MB-468  cells  were  stably  transfected  with 
the  pSFFV-neo  expression  vector  into  which  the 
cDNA  encoding  p35,  a  baculovirus  inhibitor  of  ICE- 
like  proteases,  had  been  cloned.  Cells  stably  transfected 
with  this  vector  are  referred  to  as  468-p35  cells,  while 
cells  stably  transfected  with  empty  vector  alone  are 
referred  to  as  468-neo  cells.  p35  mRNA  was  detected 
by  Northern  hybridization  in  two  468-p35  subclones  (1 
and  4),  but  not  in  468-neo  cells  (Figure  4).  On  light 
microscopy,  healthy  468-neo  cells  have  a  somewhat 
elongated  appearance  and  are  adherent  to  plastic  tissue 
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Figure  1  TG  induces  apoptosis  of  MDA-MB-468  cells.  Cells  in 
exponential  phase  of  cell  growth  were  treated  with  100  nM  TG 
dissolved  in  DMSO.  A  replicate  cell  culture,  treated  with  an 
equivalent  amount  of  DMSO,  served  as  a  control.  Nuclear 
morphology  of  cells  stained  with  ethidium  bromide  and  acridine 
orange  was  visualized  by  fluorescence  microscopy  48  h  after 
adding  TG  or  DMSO.  Small  dense  fluorescent  bodies  seen  in  TG- 
treated  cells  represent  nuclear  chromatin  condensation  character¬ 
istic  of  apoptosis 


culture  wells,  whereas  apoptotic  cells  have  a  small 
rounded  appearance  and  are  non-adherent  (Figure  5). 
Following  treatment  of  468-neo  cells  with  TG,  there 
was  a  marked  increase  in  the  proportion  of  apoptotic 
cells.  Untreated  468-p35  cells  have  an  appearance 
similar  to  that  of  468-neo  cells,  except  that  fewer 
spontaneously  apoptotic  cells  were  observed  in  culture. 
In  addition,  fewer  apoptotic  cells  were  detected  in 
cultures  of  468-p35  cells  following  TG  treatment 
compared  to  TG-treated  cultures  of  468-neo  cells.  To 
corroborate  these  findings,  the  percentage  of  apoptotic 
cells  following  TG  treatment  was  quantitated  by 
fluorescence  microscopy  (Figure  6a).  The  data  confirm 
the  inhibition  of  TG-induced  apoptosis  by  p35. 

In  a  second  approach,  cells  were  treated  with  TG  in 
the  presence  or  absence  of  the  peptide  fluoromethylk- 
etone  inhibitor  Z-VAD-fmk.  The  tripeptide  sequence  in 
Z-VAD-fmk  corresponds  to  the  Pi  to  P3  residues  of  the 
pro-IL-lj5  cleavage  site  (Tyr'^ValAlaAsp^Gly),  where 
ICE  cleaves  between  the  Asp  and  Gly  residue  (Yuan  et 
al,  1993).  Deletion  of  the  Tyr  residue  broadens  the 
inhibitory  spectrum  to  include  not  only  ICE,  but  other 
proteases  closely  related  to  ICE.  An  effective  treatment 
regimen  was  empirically  derived  in  which  cells  were 
treated  with  200  ^M  doses  of  Z-VAD-fmk  added  1  h 
prior  to  TG,  and  every  12  h  thereafter  over  a  period  of 
48  h.  Z-VAD-fmk  had  a  marked  inhibitory  effect  on 


Figure  2  Inhibition  of  TG-induced  apoptosis  by  Bcl-2.  (a) 
Protein  was  isolated  from  MDA-MB-468  cells  that  had  been 
stably  transfected  with  pSFFV-neo  (468-neo)  or  pSFFV-neo-Bcl-2 
(468-Bcl-2).  Protein  (50  fxg)  was  resolved  by  SDS-PAGE  and 
analysed  by  Western  blotting  using  a  Bcl-2  monoclonal  primary 
antibody,  (b)  The  percentage  of  468-neo  and  468-Bcl-2  cells  with 
an  apoptotic  nuclear  morphology  at  various  times  after  adding 
100  nM  TG  was  measured  by  fluorescence  microscopy  as 
described  in  Figure  1.  Symbols  represent  the  mean±s.e.  of  four 
experiments 
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Figure  3  Caspase-3  activation  by  TG.  (a)  Protein  was  isolated 
from  MDA-MB-468  cells  at  time  intervals  following  addition  of 
100  nM  TG  and  subjected  to  Western  blotting  to  detect  the  level 
of  caspase-3  (CPP32/Yama/Apopain).  (b)  The  level  of  caspase-3 
on  Western  blots  was  measured  by  densitometry.  Symbols 
represent  the  mean  +  s.e.  of  three  experiments 
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Figure  4  Northern  blot  analysis  of  p35  mRNA  in  MDA-MB-468 
cells.  RNA  was  isolated  from  MDA-MB-468  cells  that  had  been 
transfected  with  pSFFV-neo  (468-neo)  and  pSFFV-neo-p35  (468- 
p35,  clones  1  and  4),  and  analysed  by  Northern  hybridization 
using  a  cDNA  probe  for  p35  (top  panel).  The  bottom  panel  shows 
ethidium  bromide-stained  28S  and  18S  rRNA  from  each  sample, 
indicating  equivalent  RNA  loading 


TG-induced  apoptosis  (Figure  6b),  whereas  Z-FA-fmk, 
a  cathepsin  inhibitor,  actually  induced  cell  death  (data 
not  shown). 


Discussion 

In  experiments  reported  here,  we  found  that  TG 
treatment  induces  apoptosis  of  MDA-MB-468  cells, 
an  estrogen  receptor  negative  human  breast  cancer  cell 
line  that  has  been  employed  by  others  to  investigate 
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Figure  5  Effect  of  baculovirus  p35  on  TG-induced  cell  death. 
MDA-MB-468  transfectants,  468-neo  and  468-p35  (clone  1),  were 
treated  with  either  100  nM  TG  dissolved  in  DMSO  or  an 
equivalent  volume  of  DMSO  (control).  Shown  are  photographs 
of  the  cells  48  h  after  treatment  was  initiated 

PCD  in  breast  cancer  (Armstrong  et  al,  1992,  1994). 
Our  findings  add  to  the  number  of  recognized  cell  types 
in  which  TG  treatment  induces  apoptosis,  including 
normal  thymocytes  (Jiang  et  al,  1994),  lymphoma  cells 
(Lam  et  al,  1993,  1994)  and  prostate  carcinoma  cells 
(Furuya  et  al,  1994).  However,  not  all  cell  types  readily 
undergo  apoptosis  following  TG  treatment.  For 
example,  smooth  muscle  cells,  fibroblasts  and  epithelial 
cells  have  been  reported  to  undergo  growth  arrest, 
without  loss  of  viability,  following  TG  treatment 
(Ghosh  et  al,  1989;  Li  et  al,  1993).  In  the  case  of 
smooth  muscle  cells,  survival  in  the  presence  of  TG  is 
mediated  through  induction  of  TG-insensitive  calcium 
pumps  that  restore  calcium  homeostasis  within  the  ER 
lumen  (Waldron  et  al,  1995);  whereas  in  the  case  of 
fibroblasts  and  epithelial  cells,  maintenance  of  cell 
viability  following  TG  treatment  is  dependent  upon  the 
induction  of  the  grp78  and  grp94  genes  encoding  the 
resident  ER  calcium-binding  proteins,  GRP78  and 
GRP94  respectively  (Li  et  al,  1993).  Moreover,  the 
rate  of  cell  death  induction  following  TG  treatment 
also  varies  among  different  types  of  cells.  For  example, 
in  lymphoma  cells,  TG  treatment  induces  rapid  onset  of 
apoptosis  within  less  than  12  h;  whereas,  as  shown  in 
the  present  study,  induction  of  apoptosis  in  breast 
cancer  cells  evolves  more  slowly  following  TG 
treatment.  In  part,  the  kinetics  of  cell  death  induction 
in  TG-treated  cells  may  depend  upon  the  magnitude  of 
grp78/grp94  induction,  a  concept  based  on  the 
observation  that  grp78/grp94  induction  is  detected  in 
TG-treated  breast  cancer  cells,  but  not  in  TG-treated 
lymphoma  cells  (McCormick  et  al,  1997). 

The  mechanism  of  apoptosis  induction  by  TG  is  not 
fully  understood,  but  appears  to  be  directly  related  to 
inhibition  of  ER  calcium-ATPase  activity,  which 
produces  sustained  elevation  of  cytosolic  calcium  and 
sustained  depletion  of  the  ER  calcium  pool  (Thastrup 
et  al,  1990).  Apoptosis  induction  may  be  signaled  in 
response  to  cytosolic  calcium  elevation,  consistent  with 
evidence  that  factors  interfering  with  cytosolic  calcium 
elevation  inhibit  TG-induced  apoptosis  (Jiang  et  al. 
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Figure  6  Effect  of  baculovirus  p35  and  Z-VAD-fmk  on  TG- 
induced  apoptosis,  (a)  MDA-MB-468  transfectants,  468-neo  and 
468-p35  (clones  1  and  4),  were  treated  with  100  nM  TG.  The 
percentage  of  cells  with  an  apoptotic  nuclear  morphology  was 
determined  by  fluorescence  microscopy  at  the  indicated  times 
after  adding  TG.  Symbols  represent  the  mean  +  s.e.  of  multiple 
cell  counts  in  two  separate  experiments,  (b)  MDA-MB-468  cells 
were  treated  with  100  nM  TG  in  the  presence  or  absence  of  Z- 
VAD-fmk.  TG  (100  nM)  was  added  to  cells  at  time  0.  Z-VAD- 
fmk  (200  ^m)  was  added  to  one  set  of  cells  1  h  before  adding  TG 
and  at  12,  24,  and  36  h  thereafter.  The  percentage  of  cells  with  an 
apoptotic  nuclear  morphology  was  determined  by  fluorescence 
microscopy  at  the  indicated  time  points  after  adding  TG.  Symbols 
represent  the  mean  of  multiple  determinations  in  a  single 
experiment  that  was  repeated  once  with  the  same  result 


1994;  Furuya  et  al,  1994).  Also,  it  is  possible  that  ER 
calcium  pool  depletion  may  trigger  apoptosis,  a 
concept  that  is  both  supported  by  experimental 
evidence  (Reynolds  and  Eastman,  1996)  and  consistent 
with  the  fact  that  the  ER  calcium  pool  is  essential  for  a 
number  of  vital  cellular  functions,  including  protein 
processing  (Lodish  et  al,  1992),  signal  transduction 
(Schonthal  et  al.,  1991;  Little  and  Lee,  1995),  and  cell 
division  (Short  et  aL,  1993).  Because  Bcl-2  is  associated 
with  the  ER/perinuclear  membrane,  in  addition  to  the 
outer  mitochondrial  membrane,  we  suggested  the 
possibility  that  Bcl-2  might  inhibit  apoptosis  by 
regulating  calcium  fluxes  across  intracellular  mem¬ 


branes  (Lam  et  aL,  1994),  a  concept  that  is  intriguing 
in  view  of  recent  evidence  that  Bcl-XL,  a  Bcl-2 
homolog,  has  a  structure  consistent  with  that  of  an 
ion  channel  (Muchmore  et  aL,  1996). 

The  present  report  extends  our  understanding  of 
TG-induced  apoptosis  by  providing  evidence  of 
involvement  of  ICE-like  proteases.  One  type  of 
evidence  is  the  inhibition  of  TG-induced  apoptosis  by 
baculovirus  p35,  an  inhibitor  of  a  number  of  ICE- 
family  proteases  (Bump  et  aL,  1995).  Expression  of  p35 
has  been  used  by  others  to  document  the  involvement 
of  ICE-like  proteases  in  mediating  PCD  in  insect  cells 
(Cartier  et  al.,  1994),  C.  elegans  (Sugimoto  et  aL,  1994), 
Drosophila  (Hay  et  al.,  1994),  and  mammalian  cells 
(Rabizadeh  et  aL,  1993;  Beidler  et  aL,  1995).  Therefore, 
inhibition  of  TG-induced  cell  death  in  MDA-MB-468 
cells  expressing  p35  suggests  that  ICE-like  protease 
activity  is  essential  for  apoptosis  induction  by  TG. 
Although  p35  mRNA  expression  in  transfected"  cells 
was  detected  by  RT-PCR,  p35  protein  was  not 
detected  (data  not  shown).  This  is  consistent  with 
earlier  data  indicating  that  low  level  p35  expression  is 
sufficient  to  inhibit  apoptosis  (Hershberger  et  al., 
1994).  Moreover,  inhibition  of  ICE-like  proteases  by 
p35  involves  p35  cleavage,  reducing  the  level  of  intact 
p35  protein  available  for  detection  by  Western  blotting 
(Bump  et  al.,  1995;  Xue  and  Horvitz,  1995). 

A  second  type  of  evidence  for  involvement  of  ICE- 
like  proteases  in  TG-induced  apoptosis  is  the  inhibition 
observed  in  cells  exposed  to  Z-VAD-fmk.  The  use  of 
this  reagent  to  confirm  the  role  of  ICE-like  proteases  in 
mediating  apoptosis  in  response  to  several  different 
signals  has  been  reported  previously  (Zhu  et  al.,  1995; 
Jacobson  et  al.,  1996).  It  is  important  to  note  that  the 
concentration  of  Z-VAD-fmk  employed  in  our 
experiments,  although  in  the  micromolar  range,  did 
not  repress  cell  growth  or  decrease  cell  viability, 
whereas  a  control  peptide  fluoromethylketone,  Z-FA- 
fmk,  was  toxic  to  cells. 

In  summary,  the  findings  of  the  present  study 
indicate  that  TG  induces  apoptosis  of  MDA-MB-468 
cells,  mediated  through  a  highly  conserved,  Bcl-2- 
regulated  process  that  involves  ICE-like  proteases.  This 
model  system  should  be  useful  for  further  investigation 
directed  toward  understanding  the  role  of  calcium  in 
apoptosis  signaling,  and  its  relationship  to  Bcl-2  and 
the  ICE-like  proteolytic  cascade. 


Materials  and  methods 

Materials 

TG  was  purchased  from  LC  Laboratories  and  serum  from 
Hyclone.  Antibiotics  were  from  Gibco  BRL.  Benzylox- 
ycarbonyl-Val-Ala-Asp  (O-methyl)-fluoromethylketone  (Z- 
Val-Ala-Asp  (0-Me)-CH2F;  Z-VAD-fmk)  and  benzylox- 
ycarbonyl-Phe-Ala-fluoromethylketone  (Z-Phe-Ala-fmk;  Z- 
FA-fmk)  were  from  Enzyme  Systems  Products,  Inc.  All 
other  chemicals,  unless  noted  otherwise,  were  obtained 
from  Sigma.  Monoclonal  antibody  to  human  pro-caspase-3 
was  from  Transduction  Laboratories. 

Cell  Culture  and  Treatment  Conditions 

MDA-MB-468  human  breast  cancer  cells  (from  M  Lippman, 
Georgetown  University)  were  cultured  in  Improved  Minimal 
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Essential  Medium  (Biofluids)  supplemented  with  10%  (v/v) 
heat-inactivated  fetal  bovine  serum,  50  units/ml  penicillin 
and  50  jug/ml  streptomycin  at  37°C  in  a  7%  CO2  atmosphere. 

A  1  mg/ml  stock  of  TG  was  made  in  DMSO  and  stored  in 
aliquots  at  —  20°C.  A  working  stock  was  prepared  by  diluting 
TG  in  fresh  culture  medium  to  a  final  concentration  of  1  ^M. 
TG  was  then  added  to  the  cell  cultures  to  achieve  the  desired 
final  concentrations  as  noted  in  the  text.  Untreated  cultures 
received  the  same  volumes  of  DMSO  without  TG.  Z-FA-fmk 
and  Z-VAD-fmk  were  dissolved  in  DMSO  to  give  a  final 
concentration  of  50  mM  and  added  to  1  ml  culture  wells  at  a 
final  concentration  of  100  or  200  juM  respectively  1  h  before 
adding  TG  and  every  12  h  thereafter  for  a  total  of  four 
additions. 


Cel/  viability  and  apoptosis  assays 

Cells  were  counted  on  a  hemocytometer  after  suspension  in 
trypan  blue  dye.  Viability  was  defined  by  the  ability  of  cells 
to  exclude  trypan  blue  dye.  Apoptotic  cells  were  detected  by 
fluorescence  microscopy,  using  a  previously  published 
method  (McCormick  et  al.,  1997).  Briefly,  five  million  cells 
were  gently  pelleted  and  resuspended  in  0.2  ml  tissue  culture 
medium  and  both  ethidium  bromide  and  acridine  orange 
were  added  from  100  /zg/ml  stock  solutions  to  achieve  4  ^g/ 
ml  final  concentrations  of  each.  Cells  were  examined  under 
a  glass  coverslip  with  u.v.  illumination  using  a  Nikon 
Optiphot  microscope  and  cells  were  scored  as  apoptotic 
according  to  nuclear  morphological  changes,  including 
chromatin  condensation  and  apoptotic  body  formation. 

Western  blotting 

Levels  of  Bcl-2  in  cell  lysates  were  measured  by  Western 
blotting  as  described  previously  using  the  15131 A 
monoclonal  antibody  (PharMingen)  (Lam  et  al.,  1994). 
To  assess  the  level  of  caspase-3  at  various  time  points  after 
treatment  with  100  nM  TG,  cells  were  washed  twice  with 
ice  cold  phosphate  buffered  saline  and  then  lysed  for 
40  min  in  RIPA  buffer  (50  mM  Tris-HCl,  pH  7.6,  150  mM 
NaCl,  1%  triton-X-100,  0.1%  SDS,  1  mM  PMSF,  1  pgjmX 
leupeptin).  The  lysates  were  centrifuged  in  a  microfuge  at 
13  200  r.p.m.  for  10  min  at  4°C,  the  supernatants  collected 
and  the  protein  concentrations  determined  by  the  Bio-Rad 
Protein  Assay  (Bio-Rad  Laboratories,  Hercules,  Califor¬ 
nia).  Thirty  pg  of  each  protein  lysate  was  resolved  by 
electrophoresis  on  a  14%  SDS-poly acrylamide  gel  under 
reducing  conditions,  and  transferred  to  PVDF  membrane 
(Millepore  Co.,  Bedford,  Massachusetts).  The  membranes 
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(GIBCO  BRL).  Thirty  pg  RNA  per  sample  was  separated 
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